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G-QUADRUPLEXES: KINETIC STABILITY AND EFFECTS ON 
THE C-KIT PROMOTER 
by Tara Kamal Raouf 
In addition to the famous Watson & Crick model for B-form duplex DNA, guanine-rich 
DNA  sequences  can  self-assemble  under  certain  conditions  to  form  a  four-stranded 
structure  known  as  a  G-quadruplex.  G-quadruplexes  are  composed  of  stacks  of  G-
quartets, in which four guanines are arranged in a square planar array, interacting via 
eight hydrogen bonds. Monovalent cations especially K
+ and Na
+ but not Li
+ stabilize 
this structure by binding with the central carbonyl O6 atoms.  
Bioinformatic  databases  have  revealed  potential  quadruplex-forming  sequences 
throughout  the  genome  and  tandem  repeats  of  guanines  are  found  to  accumulate 
upstream of the transcription initiation site of several proto-oncogenes. The promoter 
region  of  the  c-kit  proto-oncogene  contains  two  potential  quadruplex  forming 
sequences. The first part of this work focuses on understanding how the c-kit promoter 
is regulated by potential G-quadruplex forming structures. We have incorporated 165 
base  pairs  of  the  c-kit  promoter  region  into  a  luciferase  reporter  vector  and  have 
constructed several mutant variants of this sequence. Determining the level of luciferase 
expression of these constructed vectors in HeLa and HCT 116 cells have allowed us to 
elucidate the effect of quadruplex formation on gene expression. Our results reveal that 
a decrease in gene expression level is observed from the constructed vectors that carry a 
very stable quadruplex-forming sequence. 
In genomic DNA, these putative quadruplex-forming G-rich sequences  are normally 
base  paired  with  their  complementary  C-rich  strands  to  generate  duplex  DNA. 
Structural  transitions  of  B-form  DNA  (duplex)  to  non-B-form  DNA  (quadruplex) 
require local melting, which is facilitated by negative superhelical tension. We have 
examined in vitro the effect of DNA supercoiling on the reaction of the c-kit promoter 
(and  some  variants  of  the  natural  sequences)  with  three  chemical  probes  KMnO4, 
DEPC,  and  DMS.  The  results  demonstrated  that  negative  superhelicity  did  not 
significantly affect the formation of G-quadruplex.  
For the first time, we have used two-dimensional agarose gel electrophoresis to probe 
topology-dependent structural transitions in the c-kit promoter and some of its modified 
versions. Our results showed that the constructed vectors that carried the very stable 
quadruplex-forming sequence undergo unusual structural transition.  
Finally, we have used a gel based assay to understand the dynamic equilibrium between 
quadruplex and duplex DNA under defined conditions. The results show that at elevated 
temperatures, the formation of duplex DNA with these G-rich sequences is kinetically 
reversible and we have measured the rate at which the duplex strand exchanges with 
single-stranded DNA. The formation of both quadruplex and duplex DNA are cation 
and concentration-dependent.  
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Chapter One 
1  Introduction 
1.1  Alternative DNA structures 
DNA  is  the  core  of  genetic  information  in  all  living  cells  and  major  viruses.  Its 
sequences give the macromolecule a great prominence in determining the hereditary 
characteristics  of  each  individual.  It  was  in  April  1953,  when  Watson  and  Crick 
published the famous Nature paper in which they illustrated fundamentally the base 
pairing of DNA double helix (Watson and Crick, 1953). The B-form of DNA is the 
dominant right- handed helix in the biological state (in vivo) or in high humidity (92%). 
DNA can also adopt a variety of unconventional non-B-form structures (Figure 1.1) 
under a variety of conditions, as well as several non-helical secondary structures as 
illustrate  in  Figure  (1.2),  including  cruciform,  triplexes  (H-DNA  and  sticky  DNA), 
slipped (hairpins) structures, G-quadruplexes DNA, i-motif as well as nodule DNA, and 
bent DNA (Belmont et al., 2001; Bacolla and Wells, 2004). The DNA double helical 
family members include A-, B- and Z-DNA, while other secondary structures, such as 
cruciform  and  triplex,  retain  the  AT  and  GC  base  pairing  between  complementary 
strands. However, the G-quadruplex does not involve GC base pairs and its formation 
requires base pair disruption (unwinding of DNA) to allow the free G-rich strands to 
fold back upon themselves to form the four-stranded structure. Structural transitions 
from right-handed B-DNA to non-B-DNA, including the formation of G-quadruplex 
DNA  are  influenced  by  several  factors  including  sequence,  topology  (supercoiling), 
ionic strength, temperature, dehydration, and protein binding. Extensive studies have 
been carried out to monitor the existence of these secondary structures in vivo and in 
vitro  using  a  wide  variety  of  biochemical  and  biophysical  techniques  (Herr,  1985; 
Belmont et al., 2001).  
Structural studies of A-DNA began with the observation that the X-ray fibre diffraction 
pattern under low humidity (75%) produced a dry crystalline A-form, which differed 
from the native DNA helix in aqueous phase (Rich, 1993). The A-DNA structure is 
adopted  by  both  double-stranded  DNA  and  RNA  or  hybrid  DNA-RNA  duplex 
structures  (Rich,  1993;  Belmont  et  al.,  2001).  The  chemical  synthesis  of  defined 
oligonucleotide  sequences,  allowed  the  determination  of  high  resolution  crystal 
structures, the first of which showed the unexpected occurrence of a left- handed helical  
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structure  with  alternating  glycosidic  bonds  in  anti  and  syn  conformation.  This  was 
termed  Z-DNA,  which  can  be  generated  in  regions  of  alternating  GC  at  high  ionic 
strength (Wang et al., 1979; Rich et al., 1984). Later, it has been proposed that Z-DNA 
could be involved in gene regulation. The Table below summarizes some of the major 
differences between these three categories of double helical DNA (Table 1.1).  
 Table ‎ 1.1 Comparison of A-, B-, and Z- DNA conformations (Rich, 1993; Belmont et al., 2001) 
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Figure ‎ 1.1 Structure parameters (a) A- DNA (b) B- DNA (c) Z- DNA (taken from Belmont et al., 2001) 
 
 
(a)
(b) (c)
(a)
(b) (c) 
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Figure ‎ 1.2 Non- duplex DNA structures formed by repeating sequences (taken from Bacolla and Wells, 
2004) 
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1.2  The history of the study of G-quadruplexes 
The  unusual  self-assembly  of  guanylic  acid  was  first  noted  in  the  early  twentieth 
century  by  the  German  chemist  Bang  (1910).  He  observed  the  phenomenon  of  gel 
formation‎ at‎ high‎ guanosine‎ 5ʹ-monophosphate  concentrations  and  defined  pH 
conditions (Bang, 1910). Later, X-ray‎diffraction‎studies‎of‎5ʹ-GMP fibres revealed that 
tetrameric  guanine  residues  were  arranged  in  a  co-planar  hydrogen-bonded  array 
(Gellert  et  al.,  1962).  Further  investigation  by  Arnott  and  his  colleagues  reached  a 
similar conclusion that guanine-rich DNA sequences can self-assemble to form a four 
stranded right-handed helical structure (Arnott et al., 1974). In 1978, Miles and Fraser 
showed that the stability of such structures depends on the positive ion that interacts 
with the central oxygen atoms of the G-quartet. By the late 1980s, the Blackburn and 
Cech groups affirmed that repetitive guanine rich tracts related to the telomeric DNA 
sequences  can  form  a  G-quadruplex  structure  in  vitro  (Henderson  et  al.,  1987; 
Williamson et al., 1989). Strong evidence for the existence of G-quadruplex structures 
in  vivo  was  shown  by  staining  Stylonichia  lemnae  macronuclei  with  high  affinity 
quadruplex-specific antibodies Sty49 (Schaffitzel et al., 2001). The achievement of the 
human chromosomal mapping database showed that approximately 1-2 % of the higher 
eukaryotic genes are coding sequences, whereas the rest of the genes are introns or other 
non-coding sequences (Lander et al., 2001; McPherson et al., 2001). In addition, 50% 
of genomic regions are present as tandem repeat sequences. That raised the possibility 
of  adopting  non-duplex  structures  within  these  repetitive  sequences  (Shafer  and 
Smirnov, 2001; Huppert and Balasubramanian, 2007). Bioinformatics studies of human 
and other genomes have identified many guanine-rich tandem repeat sequences and the 
human genome contains over 300,000 potential quadruplex forming sequences (Todd et 
al., 2005; Todd, 2007). These sequences have been suggested to have implications for 
the function and control of multiple cellular pathways: transcription, translation and 
recombination  sites  (Huppert,  2008b;  Lipps  and  Rhodes,  2009).  To  date  extensive 
studies have been carried out to explore the native state of unusual DNA secondary 
structures  concerning  their  configuration,  thermodynamic  and  kinetic  stability  under 
physiological conditions. These studies suggest that certain G-rich DNA sequences may 
form in living cells. 
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1.3  G-quadruplex structure 
Under physiological conditions, guanine-rich DNA sequences can self-assemble to form 
a four-stranded structure known as a G-quadruplex. This structure is composed of stacks 
of two or more guanosine quartets; a set of four guanine nucleotides associated with 
each other in a square Hoogsteen hydrogen-bonded array (Figure 1.3). Each guanine 
acts as a donor and acceptor of two hydrogen bonds (N1 to O6 and N2 to N7). The 
association of N7 of guanine bases in the Hoogsteen paired G-quartet assembly, protects 
them  from  methylation  by  dimethyl  sulfate  (DMS).  This  unique  feature  allows 
chemically  discriminating  G-quadruplex  formation  from  other  DNA  secondary 
structures. Monovalent cations such as K
+ and Na
+ stabilize the structure by interacting 
with the central electronegative carbonyl O6 atoms of G-quartet. The most stabilized G-
quadruplex structure is generated by intercalating K
+ between two adjacent G-quartets 
(Neidle, 2009). The stacked G-quartets overlap at a distance of 3.3A° along the four-
stranded helical structure (Davies, 2004) and the stacks are joined together by the sugar 
phosphate backbone. It is important to state that this configuration does not usually 
form in the absence of metal cations (Lan et al., 2008; Pagano et al., 2009). The non-
participant bases in the assembly of intramolecular G-quadruplexes form loops with 
different lengths and sequences. These loops run along the edges of each G-quartet and 
their  orientation  can  generate  a  variety  of  G-quadruplex  structures.  All  the  G-
quadruplexes have a set of core G-quartet structural features and the difference in these 
structures is the loops which differ in both size and base composition. A number of 
studies  have  shown  how  loop  sequence  and  length  can  regulate  their  structural 
conformation and its stability (Hazel et al., 2004; Risitano and Fox, 2004; Rachwal et 
al., 2007a; Guédin et al., 2009).  
Figure ‎ 1.3 G-quadruplex construction (A) chemical structure of a G-quartet with a central metal ion (B)  
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G-quartet as a basic building block of a G-quadruplex (C) Example of the topology of intermolecular G-
quadruplex consisting of three G-quartets. 
 
A number of loop arrangements have been identified, which differ according to the 
rotation of the covalent glycosidic bond between the sugar and the guanine bases within 
the G-quartets. These loops can connect two parallel or anti-parallel adjacent strands 
creating four possible loop arrangements as illustrated in figure 1.4. The lateral loop 
(also called the edge-wise loop) joins two adjacent anti-parallel strands and is mostly 
composed of two or more bases; the diagonal loop connects the two opposing anti-
parallel strands and is mostly composed of three or more bases, while the propeller loop 
(also known as the double chain-reversal loop or side loop) links two adjacent parallel 
strands and is mostly composed of one base (in case of short loop) and six or more 
bases (in case of long loop). Finally, V-shaped loops connect two adjacent stacked G- 
quartets with three edges, forming a V-shape as an overall arrangement (Patel et al., 
2007). 
 
 
Figure ‎ 1.4 Schematic view of loops arrangement illustrating (a) lateral loops, (b) diagonal loops, (c) 
propeller loops, and (d) V- shaped loops (taken from Patel et al., 2007). 
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1.4  Variability in the G-quadruplex structure 
Guanine-rich  nucleic  acids  can  self-assemble  into  polymorphic  DNA  G-quadruplex 
structures.  These  structures  are  highly  polymorphic  due  to  multiple  combinations 
possible  with  respect  to  the  number  of  candidate  DNA  strands  that  formed  the 
quadruplex structure, the strands polarities, the orientation of not only the loops but also 
the  glycosidic bonds of the  guanines within  each quartet,  and the identity of metal 
cations that co-operate with the guanine carbonyl O6 atoms in the central cavity of G-
quartet. 
1.4.1  Strand topology 
G-quadruplex structures can be formed by the folding of G-rich single stranded DNA, 
or by association of two or four independent G-rich sequences. These three possibilities 
are  all  illustrated  in  figure  1.5  and  can  generate:  unimolecular,  bimolecular  and 
tetramolecular  quadruplex  structures.  Both  the  bimolecular  and  tetramolecular 
structures are intermolecular quadruplex structures, and the unimolecular form is an 
intramolecular G-quadruplex.  
 
 
Figure ‎ 1.5 Different strand stoichiometries (A) unimolecular (B) bimolecular (C) tetramolecular 
  
G-rich sequences with potential to adopt intramolecular quadruplex are comprised of 
four  consecutive  runs  of  guanines  that  are  separated  by  three  loops  regions  with 
different lengths and sequences. This type of structure can adopt different topologies 
(Figure 1.6) depending on the orientation of the strands and the glycosidic bond angles 
of the guanines that participate in the assembly of the G-quartet which may be adopt syn 
or anti conformation. Among them, the chair-type (Fig. 1.6 a), which results from the 
simple folding pattern of intramolecular G-quadruplex structure with  antiparallel  G-
strands, has three lateral loop types. The second model is basket-type (Fig. 1.6 b), which  
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is also an antiparallel-stranded intramolecular structure having one central diagonal loop 
and  two  edgewise  loops.  Furthermore,  the  propeller-type  (Fig.  1.6  c)  builds  from 
parallel G-strands having three double-chain reversal loops arrangements. While both 
hybrid-types (Fig. 1.6 d and e), are mixtures of antiparallel/parallel stranded structures 
which are formed by different combinations of loop arrangements. The hybrid structures 
(Fig. 1.6 d and e) have two lateral and one propeller loops (Webba de Silva, 2007). The 
folding of the  G-rich tract  within the human telomere sequence 5´-d(GGGTTA)n-3´ 
represents the best example of an intramolecular G-quadruplex structure (Lipps and 
Rhodes, 2009; Parkinson et al., 2002). Variations in loops length and sequence within 
unimolecular quadruplexes could give rise to adopt 26 different topologies (Webba de 
Silva, 2007; Dai et al., 2008; Karsisiotis et al., 2013). More recently, the results from an 
NMR  study  demonstrate  a  novel  folding  of  d[G3ATG3ACACAG4ACG3]  into  an 
intramolecular monomeric (3+1) G-quadruplex structure. The new quadruplex structure 
contain three G-quartets connected with all three main known types of loops; propeller, 
diagonal  and  edgewise  consisting  of  two,  five,  and  three  nucleotides,  respectively 
(Marušič‎et al., 2012). 
  
 
Figure ‎ 1.6 Different topologies adopted by unimolecular G-quadruplexes. 
 
Bimolecular G-quadruplexes, which are formed by the association of two DNA strands 
each  of  which  contains  two  G-tracts,  can  also  generate  a  number  of  different 
conformations as shown in Figure 1.7. The association (dimerization) of two adjacent 
G-hairpins can be in one direction (Fig. 1.7 a) in opposite directions (Fig. 1.7 b) or in an 
overlapping  or  interlocked  face  (Fig.  1.7  c),  forming  two  edgewise,  edgewise,  and  
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diagonal  loops  arrangements,  respectively.  Another  possible  bimolecular  quadruplex 
can form by association of two G-strands which have overall parallel strands with two 
double-chain  reversal  loops  (Fig. 1.7 d). The folding topology of the G-rich MyoD 
promoter tract is the best example of a bimolecular G-quadruplex structure (Shklover et 
al., 2010). 
 
 
Figure ‎ 1.7 Different topologies adopted by bimolecular G-quadruplexes. 
 
The formation of tetramolecular quadruplexes is much simpler (Figure 1.5 C). The X-
ray structure of hexanucleotide d(TG4T) crystals grown from Na
+-containing solution 
exhibited  a  tetramolecular  parallel-stranded  quadruplex  structure  (Laughlan  et  al., 
1994).  Furthermore,  the  single-repeat  human  telomeric  sequences  d(TTAGGG)  and 
d(TTAGGGT) form in K
+ solution a tetrameric parallel-stranded G-quadruplex, and the 
glycosidic conformations of guanines around the G-tetrads are anti-anti-anti-anti (Wang 
and Patel, 1992). However, due to different orientation of each independent strand and 
the glycosidic torsional angles of the guanines that are involved in the assembly of G-
quartets,  multiple  tetramolecular  quadruplexes  structures  are  also  possible.  The 
Balasubramanian  group  demonstrated  using  high-resolution  NMR  and  mass 
spectroscopy techniques that the tetranucleotide sequence d(GGGT), which lacks a 5ʼ-
end  flanking  nucleotide,  adopted  a  complex  tetramolecular  quadruplex  (Krishnan-
Ghosh et al., 2004b).   
1.4.2  Strand polarities  
The four strands constituting an inter- or intramolecular G-quadruplex structure can 
have four different arrangements (Figure 1.8). These arrangements are: four parallel 
strands that all have the same direction, the glycosidic angles are anti-anti-anti-anti or  
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syn-syn-syn-syn (Figure 1.8 A). Three strands of parallel with the fourth strand in the 
opposite  direction,  the  glycosidic  angles  are  anti-syn-syn-syn  or  syn-anti-anti-anti 
(Figure 1.8 B). The 2+2 hybrid arrangements (Figure 1.8 C and D) which can either 
have two alternating anti-parallel strands (the glycosidic angles are syn-syn-anti-anti) or 
two adjacent parallel strands (the glycosidic angles are syn-anti-syn-anti). The parallel 
orientation is found in tetramolecular quadruplex structures. However, hybrid parallel 
and anti-parallel topologies have been found in both unimolecular and bimolecular G-
quadruplexes. The first NMR studies on human telomeric DNA showed that it adopted 
an anti-parallel strand arrangement, generating a basket-type quadruplex structure in the 
presence of sodium (Wang and Patel, 1993). However, the X-ray crystal structure of the 
same sequence in K
+ solution revealed a parallel structure and all the guanines adopt the 
anti glycosidic conformation (Parkinson et al., 2002). In contrast, in the presence of 
potassium the two-repeat human telomeric sequence d(TAGGGTTAGGGT) adopted a 
mixture of two hybrid structures (Phan & Patel, 2003). A similar hybrid-type telomeric 
G-quadruplex is adopted by the G-rich region upstream of the Bcl-2 P1 promoter, in 
which  the  multiple  G-tracts  have  been  suggested  to  adopt  an  intramolecular  G-
quadruplex with mixed parallel/antiparallel strands (Dai  et al., 2006). This structure 
contains  a  one-nucleotide  double-chain  reversal  as  the  third  loop,  with  a  three-
nucleotide CGC in the first loop. In general short loops promote a parallel structure, 
while long loops favour the antiparallel.  
The intermolecular G-quadruplex of d(TG4T) sequence forms a parallel structure which 
has been observed in both crystallographic and NMR studies and this parallel structure 
is maintained in the presence of potassium and sodium (Phillips et al.,‎1997).‎Haider’s‎
group solved the NMR  and X-ray crystallographic structures of the Oxytricha nova 
telomere  sequence  5'-d  (G4T4G4)-3'  and  showed  that  this  adopted  an  intermolecular 
quadruplex structure with two antiparallel and two parallel strands and the four thymine 
residues as diagonal loops (Haider et al., 2003).  
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Figure ‎ 1.8 Quadruplex strand polarities (A) all four strands are parallel (B) three strands are parallel and 
one are anti-parallel (C) two adjacent parallel strands and (D) two alternating anti-parallel strands (taken 
from Simonsson, 2001).      
                                                                                                                                                                                            
1.4.3  Metal ion-induced quadruplex topologies 
Quadruplex-forming  sequences  can  adopt  many  different  structures  under  different 
ionic  conditions.  Based  on  the  NMR  and  crystallographic  studies  of  the  human 
telomeric DNA G-quadruplex an anti-parallel arrangement appears to be favoured in 
sodium while a parallel or hybrid form is generated in potassium (Wang and Patel, 
1993; Parkinson et al., 2002). Similar transitional changes have also been observed for 
the bcl-2 quadruplex in the presence potassium and sodium, for which the CD spectra 
showed strong bands  at  265 nm  and 295 nm in K
+  and Na
+  solutions, respectively 
(Dexheimer  et  al.,  2006).  Positive  CD  peaks  at  260  and  295  nm  are  usually 
characteristic of parallel and anti-parallel quadruplexes structures, respectively (Zhang 
and Zhi, 2010). On the contrary, the CD spectra of bcl-2 RNA in the presence of K
+ and 
Na
+  revealed  positive  and  negative  peaks  at  260  nm  and  240  nm,  respectively, 
indicating  a  parallel  G-quadruplex  formation  under  all  conditions  (Zhang  and  Zhi, 
2010).  Unlike  DNA-quadruplexes,  the  formation  of  RNA-quadruplexes  is  generally 
independent  of  the  cation  identity,  the  above  results  indicate  that  similar  structures 
identified in the presence of K
+ and Na
+ ions. Furthermore, the nature of the monovalent 
cations  can  regulate the topology of unimolecular DNA quadruplexes,  but  does  not 
usually affect the topology of bimolecular quadruplex. The well-documented example 
of  the  bimolecular  quadruplex  derived  from  G-rich  sequence  d(G4T4G4)2  exhibited 
diagonal hairpin fold in Na
+, K
+, and NH4
+ ion solutions (Schultze et al., 1999).   
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1.4.4  Molecular crowding affects G-quadruplex structure 
Living cells contain high concentrations of biomacromolecules and other soluble and 
insoluble substances such as substrates, cofactors, and salts. These biomacromolecules 
including  DNA,  RNA,  protein,  and  polysaccharides  occupy  about  30-40%  of  the 
cellular volume, and their total concentration is often 400 g/L (Miyoshi and Sugimoto, 
2008).  It  is  well-known  that  the  structure,  function  and  stability  of  these 
biomacromolecules are regulated by the environmental conditions such as metal ion, 
pH,  solvent,  and  molecular  crowding  agents.  Miyoshi  et  al  (2004)  used  CD 
spectroscopy  in  combination  with  isothermal  titration  calorimetry  (ITC)  to  examine 
conformational transitions of telomere G-quadruplexes under conditions of molecular 
crowding solution. This showed that equal amounts of G- and C-rich DNA strands of 
Oxytricha nova telomere DNAs can potentially form parallel-stranded G-quadruplex 
and i-motif but not duplex in the presence of 2 M PEG (Miyoshi et al., 2004). However, 
the study revealed that  the same mixture can associate to  form  duplex under PEG-
deficient conditions. Similar studies demonstrated that molecular crowding with neutral 
polymers induced a structural transition of the d(G4T4G4) quadruplex-forming sequence 
from  an  antiparallel  to  a  parallel  structure  (Miyoshi  et  al.,‎ 2002).‎ Moreover,‎ Kan’s‎
group reported that high concentrations of PEG 200 as a crowding agent promoted G-
quadruplex formation of d(T2AG3)4 and d[G3(T2AG3)3] sequences under salt-deficient 
environments (Kan et al., 2006). Recently, Heddi and Phan (2011) solved the first NMR 
structure of the human telomere G-quadruplex in a crowded cell-like environment. This 
study revealed that polyethylene glycol (PEG 200) induced a conformational transition 
of  both  anti-parallel  and  hybrid  forms  to  a  parallel-stranded  G-quadruplex  structure 
(Heddi  and  Phan,  2011).  These  results  show  that  the  propeller-type  (parallel)  G-
quadruplex form is induced under molecular crowding conditions. Several other studies 
have also reported that molecular crowding causes a transition from a quadruplex to a 
G-wire  form  (Miyoshi  et  al.,  2005,  Zheng  et  al.,  2009),  as  well  as  regulating  the 
quadruplex/duplex competition (Kan et al., 2006, 2007; Zheng et al., 2009). The effects 
of molecular crowding are not limited to four stranded (quadruplex) structures, but also 
have an effect on the stability of three stranded (triplex DNA) structures (Miyoshi et al., 
2009).    
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1.4.5  Glycosidic polymorphism 
The variability of quadruplex structures is related to the flexibility of the glycosidic 
bond. Attraction or repulsion between the sugar and the base of the nucleoside generates 
syn-  and  anti-conformations  respectively  (Figure  1.9).  Both  syn-  and  anti- 
conformations have been observed in G-quadruplex structures. 
The  classical  DNA  double  helix  has  two  grooves;  major  and  minor.  However,  G-
quadruplex structures have four grooves with different widths and depth ranging from 
wide  to  medium  and  narrow.  In  the  tetramolecular  G-quadruplex  structure,  all  the 
deoxyguanosines adopt the same anti- conformation and the four grooves are identical. 
However, unimolecular and bimolecular quadruplex structures contain both syn- and 
anti-conformations about the glycosidic bond and the four grooves of the various anti-
parallel and hybrid quadruplex structures have wide, medium and  narrow sizes.  
 
Figure ‎ 1.9 Orientation around the glycosidic bond, where the guanine bases adopt both syn and anti-
conformations. 
 
1.4.6  Supercoiling DNA affects G-quadruplex formation  
In genomic DNA, guanine and cytosine-rich nucleic acid sequences are constrained in a 
long double stranded DNA with G:C and A:T Watson and Crick base pairs. Structural 
transitions  from  B-  to  non-B-form  DNA  structures  generally  require  disruption  of 
normal B-form (breaking of WC hydrogen bonds) or local unwinding of double helix. 
Local  unwinding  of  DNA  is  naturally  generated  by  the  free  energy  of  negatively 
supercoiled  DNA  that  accompanies  the  transcription  process.  It  was  speculated  that 
during  gene  transcription,  the  RNA  polymerase  machinery  move  along  the  DNA 
generating supercoils that are positive ahead of RNA polymerase while negative behind 
it. Thus, transcription generates high levels of supercoiling energy behind where it can  
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induce DNA-strand separation and drive conformational changes in supercoil-sensitive 
sequences.  Genome-wide  bioinformatics  analyses  have  identified  the  existence  of 
putative quadruplex sequences (PQS) in regions directly upstream of the transcription 
start  site  of  several  human  genes  (Huppert  and  Balasubramanian,  2007).  This 
observation supports the idea that these putative G-quadruplex sequences might regulate 
gene transcription. Structural transitions in the NHE III1 region of the c-MYC proto-
oncogene driven by superhelical stress have been examined in vitro using enzymatic 
and chemical footprinting (Sun and Hurley, 2009). This region has been shown to adopt 
quadruplex and i-motif from the polypurine/polypyrimidine tracts of the c-MYC NHE 
III1 elements, respectively. 
1.5  G-quadruplex Stability 
Normally,  DNA  exists  as  a  double  helix  and  the  two  strands  are  held  together  by 
Watson and Crick base pairing. Adenine and thymine are linked by two hydrogen bonds 
whereas guanine forms three hydrogen bonds with cytosine. The A-T and G-C base 
pairing arrangements therefore have on average 1 and 1.5 hydrogen bonds per base, 
respectively (Wells et al., 1988). In contrast each G-quartet contains eight Hoogsteen 
hydrogen bonds in a cyclical arrangement, so that there are on average two hydrogen 
bonds per base. This suggests that the G-quadruplex structure is a more stable form and 
have higher melting temperature than DNA duplex. It is important to mention that RNA 
quadruplexes are generally more stable than their DNA counterparts (Huppert, 2008b).  
Although  the  stacked  G-quadruplex  structure  is  stabilized  by  Hoogesten  H-bonds, 
monovalent cations especially K
+ and Na
+ but not Li
+ (Simonsson, 2001) are required 
for  their  conformation  and  stability.  In  addition  to  their  stabilizing  role,  these  ions 
reduce  the  repulsion  of  the  central  electronegative  charges  of  each  G-quartet.  G-
quadruplex structures  are unique  among  the DNA conformations  for  the metal  ions 
requirements that stabilize and regulate their topologies. Many publications have drawn 
attention to the fact that potassium generates more stable quadruplexes than sodium 
(Georgiades  et  al.,  2010).  The  K
+  ion  has  a  large  molecular  size  which  is  stacked 
between two adjacent guanine quartets, holding them together and forming a compact 
stacked unit (Figure 1.10), whereas the Na
+ ion has a smaller molecular size which 
easily fits within the central cavity of each quartet (Burge et al., 2006). Potassium is the 
predominant intracellular cation and will be involved in any quadruplex in vivo (Shafer 
and  Smirnov,  2001;  Qin  and  Hurley,  2008).  Monovalent  cations  stabilize  G- 
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quadruplexes in the order: K
+ > Na
+ > Rb
+ > NH4
+ > Cs
+ >> Li
+ (Pagano et al., 2009) 
and for divalent cations Sr
2+ >> Ba
2+ > Ca
2+ > Mg
2+ (Guschlbauer et al., 1990; Alberti et 
al., 2006). The Oxytricha telomere sequence 5´-d(G4T4G4)-3´ can self-associate to form 
an antiparallel G-quadruplex and Miyoshi et al 2001 reported that this is destabilized by 
millimolar concentrations of Zn
2+, Co
2+, Mn
2+, Mg
2+, Ca
2+ ( Miyoshi et al., 2001).  
When considering the stability of G-quadruplex it is also important to take into account 
the effects of loop length, loop sequences, as well as the G-tract length which can also 
regulate quadruplex topologies and stability. A unimolecular G-quadruplex are mainly 
contained three loops of variable length and sequence which play an important role in 
modulate their stability. It has been shown that longer loops are more likely to form 
unstable quadruplex structure; however, shorter loops would have a higher stability at 
physiological conditions. For example, the putative G-quadruplex-forming sequences 
within the c-MYC and HIV integrase inhibitor d[G3(TG3)3] regions can form a very 
stable G-quadruplex conformation even in the presence of their complementary C-rich 
strands  in  K
+  and  Na
+  solutions  (Risitano  and  Fox,  2003).  An  intramolecular 
quadruplexes  mostly  have  three  G-quartets  which  stacked  on  the  top  of  each  other 
forming a compact stacked unite. Previous studies in our lab demonstrated that increase 
or decrease number of guanine-stack can directly influence on G-quadruplexes stability 
(Rachwal et al., 2007c). It has shown that G-stack with lengths from 3 to 7 bases were 
found to form quadruplexes, with stability increasing as the length increased, except for 
(G3T)4  sequence  which  formed  a  very  stable  parallel  quadruplex  structure  in  the 
presence of K
+ and Na
+-containing solutions (Rachwal et al., 2007c).  
 
Figure ‎ 1.10 Stacked quartets with coordinated monovalent ions (A) Na
+ which is immobilized within the 
central cavity of quartet (B) K
+ which is intercalated between the two adjacent stacked quartets (taken 
from Lane et al., 2008)  
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1.6  G-quadruplexes throughout the genome 
Searching for putative G-quadruplex sequences (PQS) throughout prokaryotic genomes 
identified single-stranded overhang at the extreme 3'-terminus of Streptomyces DNA 
(Huang et al., 1998). These PQS have also been considered as regulatory signals since 
they have been predominantly found in the promoter region of some genes that are 
involved in  transcription,  signal  transduction, and secondary metabolite  biosynthesis 
(Rawal  et  al.,  2006).  Additionally,  bioinformatics  studies  have  revealed  repetitive 
guanine  sequences,  with  the  potential  to  form  G-quadruplexes,  within  biologically 
important  regions  of  the  eukaryotic  genome  including  telomeric  DNA,  and  protein 
coding  genes  within  oncogenic  promoter  sequences  such  as  c-myb  (Palumbo  et  al., 
2008), PDGF-A (Wang et al., 1992), hTERT (Lim et al., 2010). Other chromosomal 
regions  are  rich  with  PQS  including  ribosomal  DNA,  the  switch  region  of  the 
immunoglobulin  heavy  chain,  micro-  and  mini-satellite  repeat  sequences  (Eddy  and 
Maizels, 2006), and tandem repeats of sequences are also exist in the retinoblastoma 
susceptibility gene (Murchie and Lilley, 1992), FMR-1‎gene,‎chicken‎β-globin gene 
(Howell  et  al.,  1996),  insulin-like  polymorphic  region  upstream  of  the  insulin  gene 
(Catasti  et  al.,  1996),  as  well  as  the  fragile  X-  syndrome  triplet  repeats.  The 
accumulation of these potential quadruplex-forming sequences throughout the genome 
raised the prospect that quadruplex structures may play an important role in cellular 
processes  including:  replication,  transcription,  translation  and  impede  telomerase 
activity  (Arthanar  and  Bolton,  2001;  Lipps  and  Rhodes,  2009).  Moreover  the 
observation that 43% of promoter regions rich with PQS led to the suggestion that these 
putative quadruplex sequences can regulate gene expression at the transcription levels. 
With  improved  computational  methodology,  two  independent  genome-wide 
bioinformatics studies have shed light on the arbitrary distribution of the putative G-
quadruplex-forming sequences as well as prevalence of the most popular loops within 
these sequences throughout the genome (Huppert and Balasubramanian, 2005; Todd et 
al., 2005). The two research groups have systematically searched throughout the human 
genome using a similar formula for the folding of intramolecular quadruplex pattern 
(G3-5L1-7G3-5L1-7G3-5L1-7G3-5). The G in the folding rule, referred to guanine nucleobase 
which is restricted to between three to five bases long, however L referred to any base 
in the loop regions and their lengths were restricted between one and seven (Todd et al., 
2005).  The  outcomes  of  these  studies  revealed  that  the  total  number  possible  of 
unrestricted quadruplex was 5,713,000 PQS, however this number reduced by ~15-fold  
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to 375,157 after removing all the overlapping sequences from the unrestricted dataset 
(Todd et al., 2005).  
Furthermore,‎Balasubramanian’s‎group‎used‎the‎ENSEMBL‎human‎genome‎database‎to‎
identify the position of potential quadruplex-forming sequences throughout the entire 
chromosome region, especially within the exonic regions of DNA. The results have 
shown that, the areas with low-frequency patterns of guanine, have been found in the 
coding strand of exon regions,  suggesting that PQS  are underrepresented in  mRNA 
sequences (Huppert and Balasubramanian, 2005).  
It has been previously shown that the stability and folding topology of the overall G-
quadruplex are dependent on the length of the loops and their sequence (Hazel et al., 
2004; Risitano and Fox, 2004). Therefore, the bioinformatics surveys have focused on 
discriminating  the  number  of  potentially  relevant  loop  lengths  (Huppert  and 
Balasubramanian,  2005)  and  enumerated  the  most  common  loop  sequences  and 
identified their positional frequency within PQS (Todd et al., 2005). It has been shown 
that approximately 8% of the most common sets of loop length occurs in 1:1:1 order, 
which suggest that longer loops are disfavored in PQS (Huppert and Balasubramanian, 
2005). Additionally, the most common loop sequences are single adenine or thymine 
bases. Although longer loops are less frequently observed than shorter ones, CCTGT 
bases within the first loop position are the most common longer loop sequence (Todd et 
al., 2005). 
 Further  bioinformatics  studies  have  been  carried  out  to  investigate  the  relationship 
between  PQS  and  promoter  regions  throughout  the  human  genome  (Huppert  and 
Balasubramanian, 2007). Using quadparser program, the systematic survey was applied 
to map out PQS within 1 Kb distance upstream of the 5ʼ end of the transcription start 
site (TSS) and covering 19,268 genes. The study has shown that the high population of 
putative G-quadruplex-forming regions was found within the first 100 bases adjacent to 
TSS (Figure 1.11). The observation that more than 40% of the human gene promoters 
containing  at  least  one  or  more  PQS  led  to  the  proposal  that  G-quadruplexes  are 
implicated in the regulation of gene transcription. In particular, studies  showed that 
genes that are involved in transcription factor activity, development, neurogenesis, and 
kinase activity have a significantly elevated frequency of PQS. However, potential G-
quadruplex  sequences  are  disfavored  in  genes  that  involved  in  olfaction,  G-protein 
signaling, immune response, nucleic acid binding, nucleosome assembly, and protein  
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biosynthesis  (Eddy  and  Maizels,  2006;  Huppert  and  Balasubramanian,  2007).  This 
implies that there is a correlation between potential G-quadruplex structure sequences 
and specific gene function. It is important to note that G-quadruplexes are significantly 
enriched in gene promoters and nuclease hypersensitive regions as compared to the rest 
of the human genome (Huppert and Balasubramanian, 2007). In support of this, another 
genome-wide comparative bioinformatics study involving human, chimpanzee, mouse, 
and rat was conducted. The study showed that the overabundance of PQS was higher in 
regulatory regions such as promoters as compared to the rest of genome, supporting the 
idea that PQS act as cis-regulatory sites (Verma et al., 2008). Subsequent computational 
studies  demonstrated  that  Sp1  binding  sites  within  proximal  promoter  regions  are 
enriched  with  PQS,  which  suggest  that  there  is  a  correlation  between  Sp1-binding 
elements and G-quadruplex formation (Todd and Neidle, 2008). Indeed, it has been 
suggested that guanine-rich transcription factor binding sites could adopt G-quadruplex 
structure,  which  prevent  Sp1  binding  and  as  a  result  affect  gene  expression  at 
transcriptional levels. Another study observed that PQS are overrepresented within the 
first introns downstream of the TSS in human, mouse, chicken, and frog genomes (Eddy 
and Maizels, 2008). 
 
Figure ‎ 1.11 Density of PQS with distance upstream from the TSS. The genome as a whole has a density 
of 0.13 PQS/Kb, shown by the dashed line (taken from Huppert and Balasubramanian, 2007).  
 
1.7   Telomeric DNA  
The  telomere  is  a  specialized  nucleoprotein  complex  at  the  extreme  ends  of  all 
eukaryotic chromosomes. It has been found in green algae (Petracek et al., 1990), ciliate  
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protozoa  (Oka  and  Thomas,  1987),  yeast  (Lundblad  and  Blackburn,  1993)  and 
vertebrates  (Henderson  et  al.,  1987).  The  telomeric  repeat  sequence  varies  between 
different organisms but all have the general sequence d[T1-3-(T/A)-G3-4]n (Williamson et 
al.,  1989)  though  this  is  (TTAGGG)n  in  all  higher  eukaryotes.  Sequence  repeats 
d(T2AG3),    d(T2G4),  d(T3AG3),  d(T4AG3),  d(T4G4)  and  d(G1-3T)  are  found  in  the 
telomeres  of  human,  Tetrahymena  thermophilia,  Arabidopsis  thaliana, 
Chlamydomonas,  both  Stylonichia  lemnae  and  Oxytricha  and  Saccharomyces 
cerevisiae, respectively (Williamson, 1994). Telomeres stabilize the termini of linear 
eukaryotic  chromosomes  and  protect  them  from  exonuclease  degradation  and 
recombination and stop them from being recognized and processed as DNA breaks. 
Human  telomeric  DNA  is  composed  of  approximately  10  kilobase  pairs  of  double 
stranded DNA with tandem repeats of the sequence (TTAGGG)n. About 100-200 bases 
of single stranded G-rich DNA are found at the extreme 3ʼ-ends of the telomeres. These 
single-stranded  G-rich  overhangs  are  an  attractive  site  for  potential  quadruplex 
formation. In mammals, the ends of linear chromosomes can form a protective cap-like 
structure  to  maintain  chromosome  integrity  from  damage  by  chromosomal 
fragmentation  and  fusions  (Figure  1.12).  A  number  of  capping  proteins  have  been 
characterized involving bind-proteins (TRF1, TRF2, and POT1), and associate-proteins 
(RAP1, TPP1, and TIN2). The telomere repeat binding factors TRF1 and TRF2 bind 
directly to duplex telomeric DNA forming a protective t-loop structure. However, POT1 
(protection of telomeres 1), bind  preferentially  to  the 3ʼsingle stranded overhang of 
telomeric  DNA  and  is  also  associated  with  telomere  protein  (shelterin)  complex. 
Moreover, TIN2 protein acts as a linker joining TRF1 and TRF2 subunits together and 
engaging POT1 to the shelterin complex via the TPP1 subunit. RAP1-TRF2 interaction 
binds indirectly to the shelterin complex (Yang et al., 2005; Giannone et al., 2010). The 
T-loop and D-loop are both part of the same structure (Figure 1.12). T-loop refers to the 
entire structure in which the ends are looped back forming a circular structure, while the 
term D-loop refers to the short section of this in which the single stranded 3ʼ-overhangs 
invade the duplex (Griffith et al., 1999; Neidle and Parkinson, 2003).  
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Figure ‎ 1.12 A schematic view of the T- and D-loop structure of human telomeres (taken from Colgin and 
Reddel, 2004). Several key binding and associate proteins are involved in the assembly of this structure. 
TRF1 refers to telomeric-repeat-binding factor 1 (big magenta circle), TRF2 refers to telomeric-repeat-
binding factor 2 (big violet circle). POT1 refers to protection of telomere 1 (red circle), TIN2 (small blue 
circle), and TPP1=PTOP (orange cylinder). 
 
 In most normal somatic cells telomerase is not active and the telomere length gradually 
shortens during the cycles of cell division due to incomplete replication of the lagging 
strand - the‎“end-replication‎problem”.‎‎This‎leads‎to‎growth‎arrest‎or‎apoptosis‎and‎
accounts for the Hayflick limit of about 40 cell divisions for most somatic cells (Bekaert 
et al., 2005). However, telomerase is active in germ cells and more than 85% of cancer 
cells express high levels of the enzyme (Phan and Mergny, 2002). The enzyme is a 
ribonucleoprotein which contains an RNA template from which the TTAGGG repeats 
are copied by its reverse transcriptase activity, and added onto the single-stranded 3ʼ-
ends of the telomeres, thereby maintaining chromosome length. Folding of the single-
stranded  G-rich  single-stranded  overhang  into  a  quadruplex  structure  inhibits  the 
activity of the enzyme (Burge et al., 2006).  
The strong evidence for the existence of G-quadruplex in vivo comes from the earliest 
observation that telomeres in the macronuclei of ciliated protozoa Stylonychia lemnae 
specifically bound to quadruplex-specific antibodies Sty49 (Schaffitzel et al., 2001). It 
has been shown that the single-chain antibody fragment Sty49, which was raised by 
ribosome  display,  binds  to  both  parallel  and  antiparallel  telomeric  G-quadruplex 
structures. Sty49 binds both quadruplex conformations with similar affinity 3-5 nM. 
The study demonstrated that antiparallel four-stranded DNA structure was presented in 
the  macronuclei,  and  not  micronuclei,  of  the  S.  lemnae  telomeres  as  visualized  by 
immunostaining (Schaffitzel et al., 2001). Additional evidence supporting the existence  
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of G-quadruplex at telomeres are two ciliate telomere end-binding‎proteins‎(TEBP)‎α‎
and‎β,‎which‎‎were‎shown‎to‎promote‎G-quadruplex formation in vivo,‎the‎TEBPα‎
subunit  bind to the 3ʼ- overhangs and engages TEBPβ‎to‎the‎telomere‎site‎(Paeschke‎et 
al., 2005).  
More recently, DNA G-quadruplexes have been found in the mammalian cell nuclei as 
visualized by immunofluorescent antibodies (Biffi et al., 2013). The Balasubramanian 
group  generated BG4, a structure-specific antibody  which  preferentially  bound with 
intra-  and  intermolecular  G-quadruplexes  over  other  nucleic  acid  structures  such  as 
RNA  hairpins,  single-stranded  and  double-stranded  DNAs.  Further  tests  were 
performed to characterize the specificity of BG4 for different structural conformations, 
and  it  did  not  show  any  specificity  for  the  target  G-quadruplex-forming 
oligonucleotides. To visualize DNA G-quadruplex in human cells, the engineered BG4 
was  incubated  with  both  secondary  antibody  and  tertiary  fluorochrome-labelled 
antibody  and  subsequently  applied  into  the  fixed  incubated  cells.  Interestingly,  the 
observation that BG4 staining was decreased and increased during G0/G1 checkpoint 
and S phase, respectively led to the demonstration that the formation of G-quadruplexes 
can affected by the cell cycle. Furthermore, the study showed that small molecules i.e. 
pyridostatin, can trap quadruplex structures in vivo (Biffi et al., 2013). In independent 
study, it has reported that the small molecule ligand pyridostatin can directly interact 
with DNA to stabilize cellular G-quadruplexes and subsequently promote apoptosis in 
human  cancer  cells  by  inducing  DNA  damage  (Rodriguez  et  al.,  2012).  The 
stabilization  of  telomeric  G-quadruplexes  by  small  molecules  has  therefore  been 
proposed  as  a  mechanism  for  inhibiting  telomerase  elongation  and  consequently  a 
means of preventing the growth of cancer cells.  
1.7.1  Telomeric DNA G-quadruplex 
A great deal of research has been focused on understanding the structural diversity in 
human telomere G-quadruplex structure (Table 1.2). Early studies from the Patel group 
showed  that  the  single-repeat  d(TTAGGGT)  human  telomere  sequence  can  form  a 
parallel-  stranded G-quadruplex in  K
+ -containing solution  (Wang and  Patel, 1992). 
This structure is composed of three G-quartets, and the glycosidic angles of all guanines 
are in the anti-conformation. Later, the folding topology and the crystal structure of the 
two-repeat  human  telomere  sequence  have  identified.  The  X-ray  crystallographic 
analyses of two-repeat d(TAGGGTTAGGGT) sequence in K
+ showed that the 12-nt  
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form a bimolecular quadruplex and all the strands are parallel connected by propeller 
loops  (Parkinson  et  al.,  2002).  Subsequent  NMR  analysis  of  this  sequence  has 
confirmed the same topology with all-parallel strand orientations, and double-chain-
reversal  loops  in  K
+  cation  solution  (Phan  and  Patel,  2003).  On  the  basis  of  NMR 
studies,  the  folding  topology  of  the  three-repeat  human  telomere  sequence  5ʼ-
GGGTTAGGGTTAGGGT-3ʼ has very well-defined the telomere capping structure at 
the end of eukaryotic chromosomes (Zhang et al., 2005). Moreover, this study revealed 
a unique G-quadruplex folding topology with several characteristics. One remarkable 
feature of this structure is a core which has three strands oriented in the same direction 
and one strand in the opposite direction. Such a quadruplex (3+1) structure could occur 
in  vivo when  a single stranded 3ʼ-overhang of  human telomere invades a region  of 
preceding  duplex  (Yang  et  al.,  2005).  The  key  role  of  human  telomeric  DNA  G-
quadruplex structures in cell integrity, aging, cancer and their potential as targets for 
small molecules led to determine the biologically relevant quadruplex structure of four 
TTAGGG  repeats.  Early  NMR  studies  on  four-repeat  human  telomere  sequence 
d[AG3(T2AG3)3]  showed  that  sodium  containing  solutions  constrain  the  telomeric 
quadruplex structure to an antiparallel arrangement with a central diagonal loop and two 
lateral loops (Wang and Patel, 1993). The X-ray crystal structure of the same sequence 
in  K
+  was  different  to  that  observed  in  the  NMR-derived  solution  structure.  This 
sequence  folded  into  an  intramolecular  G-quadruplex  structure  composed  of  three 
guanine-quartets  with  four  parallel  strands  and  all  three  loops  adopted  a  propeller 
arrangement (Parkinson et al., 2002). Moreover, the CD spectra of the human telomeric 
DNA sequence in K
+ is characterized by a positive peak at 260 nm and a negative band 
at 240 nm, consistent with the formation of a parallel quadruplex structure (Rujan et al., 
2005). Positive peaks at 260 and 295 nm are characteristic of parallel and anti-parallel 
quadruplexes structures, respectively. The propeller-type G-quadruplex of the human 
telomeric sequence appears to be the physiologically relevant conformation, due to the 
higher intracellular concentration of K
+ (140 mM) than sodium. NMR studies on human 
telomeric sequences revealed the presence of hybrid-type mixed parallel/anti-parallel G-
quadruplex in the presence of potassium (Ambrus et al., 2006).  
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Table ‎ 1.2 The most common structural diversity of the human telomeric DNA G-quadruplexes 
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1.8  G-quadruplexes in gene promoters  
The existence of unusual DNA structures in gene promoters was first highlighted by 
Larsen  and  Weintraub,  who  demonstrated  that  nuclease  hypersensitive  sites  in  the 
chicken‎β-globin promoter corresponded to higher order structures in vitro (Larsen and 
Weintraub, 1982). Since then, extensive studies have been done to characterize DNA 
secondary  structures  in  the  promoters  of  other  genes.  Bioinformatics  studies  have 
identified  the  presence  of  putative  quadruplex-forming  G-rich  sequences  in  the 
promoter and gene regulatory regions of several proto-oncogenes including, c-MYC, c-
KIT, vascular endothelial growth factor (VEGF), B cell lymphoma 2 (BCL2), hypoxia-
inducible‎factor‎1α‎(HIF1α),‎RET,‎PDGFR‎receptor‎β‎polypeptide‎(PDGFR- β)‎and‎
KRAS (Qin et al., 2007; Todd and Neidle, 2008; Sun et al., 2010; Balasubramanian et 
al., 2011). These proto-oncogenes are involved in the growth and proliferation, and 
their proximal promoter regions are TATA-less and contain several G/C-rich regions. A 
selection  of  these  putative  promoter  G-quadruplexes  is  shown  in  Table  1.3.  One 
interesting  characteristic  is  that  their  sensitivity  to  S1  nuclease  suggests  that  these 
sequences are in dynamic equilibrium between single and double-stranded DNA forms 
(Qin and Hurley, 2005). The second observation is that the polypurine tracts of c-MYC, 
c-KIT 21,‎VEGF,‎HIF1α,‎RET,‎and‎KRAS have unique DNA quadruplex-folding pattern 
(G3N1G3N2-9G3N1G3)  which  is  often  a  feature  of  three-G-quartet  intramolecular 
quadruplex  structures.  The  5ʼ-  and  3ʼ-  terminal  single-nucleotide  loops  are  likely 
constrained to form a parallel double-chain reversal quadruplex structure (Bugaut and 
Balasubramanian, 2008). However, PDGF-A and c-Myb promoters form four and two 
G-quartet  G-quadruplex  structures,  respectively  (Palumbo  et  al.,  2008).  The 
predominant  folding  topology  of  gene  promoter  G-quadruplexes  is  a  unimolecular 
structure,  though  the  G-rich  MyoD  promoter  tract  has  the  potential  to  form  a 
bimolecular  G-quadruplex  (Shklover  et  al.,  2010).  A  number  of  important  proto-
oncogene promoter quadruplexes are described in more detail below. Determining their 
mode  of  formation,  regulation,  and  biological  role  in  vivo  are  the  most  important 
objectives which have to be solved.    
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Table ‎ 1.3 Examples of putative G-Quadruplex-forming sequences in genomic regions. The regions that 
may form G-quartet are highlighted in black bold underline with the loop regions shown in red bold. 
 
 
 
1.8.1  c-KIT  
Human  c-KIT  is the cellular homologue to  v-KIT  of the  Hardy-Zuckerman 4 feline 
sarcoma virus oncogene (Galli et al., 1993; Mol et al., 2003). The KIT gene is localized 
on chromosome 4 in the q11-q12 region and consists of 21 exons (Yarden et al., 1987). 
The c-KIT gene encodes for a 145-160 kDa transmembrane glycoprotein type III of 
protein-tyrosine kinase family. This family includes the receptor for platelet-derived 
growth  factor  (PDGF),  macrophage  colony-stimulating  factor-1  (CSF-1),  epidermal 
growth factor (EGF), and type 1 insulin growth factor (IGF-1) receptor (Yarden et al., 
1987). 
In the absence of ligands, the c-KIT receptor tyrosine kinase exists as a monomer which 
is the inactive form. It has two domain portions; an extracellular amino (N)-terminal 
domain  and  an  intracellular  carboxy  (C)-terminal  domain  (Figure  1.13).  The 
extracellular  domain,  also  known  as  the  ligand-binding  domain,  has  five  
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immunoglobulin-like loops encoded by exons 1-9. The intracellular cytoplasmic portion 
contains  a  hydrophilic  tyrosine  kinase  domain  encoded  by  exons  13-21,  which  is 
involved in the phosphorylation of tyrosine residues (Yarden et al., 1987; Buchdunger 
et al., 2000). The extracellular domain c-kit receptor tyrosine kinase is activated by the 
c-kit  ligand  also  known  as  mast/stem  cell  growth  factor.  This  ligand  binds  to  the 
immunoglobulin domains, promoting receptor dimerization and subsequently induces 
phosphorylation  of  tyrosine  residues,  which  control  various  intracellular  signal 
transduction pathways. Activation of this oncogenic kinase protein has been implicated 
in  multiple  cellular  responses,  including  cell  survival,  migration,  proliferation  and 
differentiation  (Yang  and  Okamoto,  2010).  Under  normal  circumstances,  cells  that 
display c-kit expression are mast cells, germ cells, subsets of haematopoietic stem cells, 
melanocytic cells, epithelia breast cells, basal cells of the skin and interstitial cells of 
Cajal of the gastrointestinal tract. Overexpression and mutation of the kit protein 
has been involved in wide range of diseases including gastrointestinal stromal 
tumors (GIST), leukemias, pancreatic cancers, colorectal cancer, small cell lung 
cancer, and melanoma (Balasubramanian et al., 2011). Imatinib (Gleevec) is a 
tyrosine kinase inhibitor which is used for treating GIST patients (Joensuu  et 
al., 2001). However, resistance to this therapy often develops and is associated 
with a mutation in tyrosine kinase domain. 
 
 
Figure ‎ 1.13 The domain structure of tyrosine kinase protein  
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1.8.1.1  c-KIT quadruplexes 
Within  the  nuclease  hypersensitive  region  of  the  c-kit  proto-oncogene  two 
putative  quadruplex-forming  sequences  have  been  identified.  The  c-kit87up  (also 
referred  to  as  c-kit  1)  G-quadruplex-forming  sequence,  22  bp  in  length  is  located 
between -109 and -87 base pairs upstream from the transcription initiation site, while 
the other c-kit21 (also referred to as c-kit 2) quadruplex-forming sequence is found 
between -165 and -121 base pairs. These two consecutive quadruplex structures are 
separated by 30-base pairs (Figure 1.14), along with the binding site for transcription 
factor Sp1 at -130 and -121 bp (Fernando et al., 2006). The proximal region of the c-
KIT promoter is a TATA-less and CCAAT-less box, and carries four Sp1 binding sites 
(Yamamoto et al., 1993; Todd et al., 2007). NMR and UV thermal melting experiments 
have confirmed that the two putative c-kit 1 and c-kit 2 quadruplex-forming sequences 
have the potential to form an intramolecular G-quadruplex structure in vitro (Rankin et 
al., 2005). Under physiological-like conditions of 100 mM K
+ the CD spectrum of c-kit 
2 sequences showed strong bands at 263 nm and 245 nm which are characteristic of a 
parallel G-quadruplex (Fernando et al., 2006). In 50 mM K
+ -containing solution, c-kit 1 
sequence  exhibited  a  similar  CD  spectrum  indicative  of  parallel-stranded  structure 
(Todd et al., 2007). Thus, the CD signature derived from these studies suggests that c-
kit 1 and c-kit 2 predominantly form parallel-stranded G-quadruplexes in K
+ solution. 
Recently published results reveal that a stable and antiparallel c-kit quadruplex structure 
can also be formed within the polypurine/polypyrimidine sequence that contains the Sp1 
binding site (Raiber et al., 2012). 
On the basis of the  c-kit 1 sequence d(AGGGAGGGCGCTGGGAGGAGGGG), the 
initial expectation was that it would form a parallel-like arrangement with four G-tracts 
separated by three loops (Rankin et al., 2005). Surprisingly, the NMR-based solution 
structure of this sequence, showed an unprecedented G-quadruplex folding topology 
with three-G-quartet layers (Phan et al., 2007b). In contrast to the expected structure, 
the unique c-kit 1 structure is connected by four loops; two single nucleotide loops, a 
single two-residue loop, and one five-base (AGGAG) loop (Figure 1.14). The presence 
of two single-nucleotide double chain-reversal loops (A5 and C9) kinetically favours 
the parallel-type arrangement (Phan et al., 2007b). This unusual structure contains a 
parallel-strand G-quartet core with a snapback at the 3ʼ-end within an anti guanine, and 
might provide a unique platform for the design of anticancer drugs (Phan et al., 2007b).  
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A  similar  parallel-stranded  G-quadruplex  with  a  broken  strand  has  observed  in  the 
human c-MYC and PDGF-β promoters (Phan et al., 2005; Chen et al., 2012). 
The second putative quadruplex-forming sequence is c-kit 2, which is 21 bp in length. 
Different biophysical experimental methods have shown that c-kit 2 forms a parallel-
stranded structure under physiological-like conditions (Figure 1.14) in which the four 
runs of the three guanine bases are connected by two single nucleotide loops with a five 
base-pair  (CGCGA)  intermediate  loop  sequence  (Fernando  et  al.,  2006;  Hsu  et  al., 
2009).  Addition  of  a  single  nucleotide  in  the  third  loop  destabilizes  the  c-kit  2 
quadruplex structure and cause a change to the kinetically more favoured mixed anti-
parallel /parallel conformation. This c-kit 2 quadruplex-forming sequence shows a high 
sequence  conservation  across  the  human,  chimpanzee,  mouse  and  rat  genomes, 
suggesting that it could be biological relevant and might affect gene expression at the 
transcriptional level (Fernando et al., 2006). 
The c-KIT receptor signaling pathway plays a vital role in gastrointestinal stromal 
tumors (GIST) and transcriptional down-regulation of c-KIT protein by promoter 
G-quadruplex stabilization  might  provide  a  new  strategy  for  GIST  therapy.  As 
such,  the  c-KIT proto-oncogene represents the main DNA target for advance GIST 
therapy.  It  has  been  hypothesized  that  G-quadruplex  formation  regulates  the  proto-
oncogene at the transcription level (Figure 1.15). Over the past few years, extensive 
studies have examined the ability of numerous small ligands to promote quadruplex 
formation in the c-kit and other quadruplexes (Monchaud and Teulade-Fichou, 2008) 
and  thereby  regulate  gene  activation.  Early  studies  of  ligand  interaction  with  G-
quadruplex  DNA  showed  that  3,  8,  10-trisubstitiuted  isoalloxazines  molecules  have 
relatively high binding affinity to c-KIT 2 (Bejugam et al., 2007). Another study looked 
at 6-substituted indenoisoquinoline compounds and found that these molecules have 
antiproliferative activity in a gastrointestinal stromal tumor (GIST) cell line. They also 
examined the binding affinities using different biophysical methods and revealed that 
these new small molecules have high level of stabilization of the c-KIT 1 G-quadruplex 
DNA (Bejugam et al., 2010). Recently, cell-based reporter assays have been employed 
to identify two novel c-KIT quadruplex ligands. The benzo[a]phenoxazine derivatives 
have been shown to bind c-KIT 2 G-quadruplex preferentially over c-KIT 1, and can 
inhibit  c-KIT  transcriptional  activity  in  human  gastric  carcinoma  (HGC-27)  cells 
(McLuckie et al., 2011). Thus, the functional cell-based assay provided a vital tool for 
identifying  new  G-quadruplex  ligands  that  regulate  target  DNA  at  the  transcription  
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level.  Unlike  other  small  molecule  G-quadruplex  stabilizing  ligands,  triarylpyridine 
compounds have been shown to enhance c-KIT gene expression (Waller et al., 2009). 
Furthermore, the Balasubramanian group has designed and synthesized a new series of 
diethynyl-pyridine  amides  as  promising  G-quadruplex-interactive  compounds,  which 
may  target  intramolecular  promoter  G-quadruplex  structures  in  their  hyper-variable 
loops  and  grooves.  Titration  of  these  small  molecules  into  a  solution  of  c-kit  2 
quadruplex DNA in the presence of K
+ showed no significant change in the CD spectra, 
such that after addition of 25 µM of ligands. The CD signature suggested that at higher 
concentration  ~  200  µM  these  ligands-induced  disruption  of  the  c-kit  2  quadruplex 
structure (Dash et al., 2011).  
 
 
Figure ‎ 1.14 Schematic representation of the human c-KIT promoter structure; the transcription start site 
(+1) is indicated with an arrow. Promoter structures of c-kit 1 (right hand) and c-kit 2 (left hand), taken 
from (Phan et al., 2007b). The guanine bases that participate in the G-quartets are highlighted in red and 
the bases in black show the loop regions. 
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Figure ‎ 1.15 A proposed model for regulation of transcription by G-quadruplex DNA formation in the 
promoter region (taken from Huppert and Balasubramanian, 2007). 
 
 
1.8.2  c-MYC 
The C-MYC transcription factor is a 65 kDa multifunctional nuclear phosphoro-protein 
that plays an essential role in multiple cellular processes, including the cell growth, 
proliferation, differentiation and programmed cell death (apoptosis). The human c-MYC 
oncogene is selectively overexpressed in a number of cancer cells including small-cell 
lung carcinomas, breast, colon, myeloid leukemia, osteosarcomas, prostate, and cervix 
(Phan  et  al.,  2004;  González  and  Hurley,  2010;  Yang  and  Okamoto,  2010). 
Overexpression of the  c-MYC proto-oncogene can be  caused by multiple processes, 
including  chromosomal  translocation,  gene  amplification,  and  upregulation  of 
transcription.  Normally,  c-MYC  transcription  is  regulated  by  multiple  transcriptional 
start sites and four promoters including P0, P1, P2, and P3 have been identified, in which 
P1 and P2 are the predominant promoters of this gene (Figure 1.16). In addition, the c-
MYC promoter contains seven nuclease hypersensitive elements (NHEs), including I, 
II1,  II2,  III1,  III2,  IV,  and  V  (González  and  Hurley,  2010).  Specifically,  the  central 
nuclease hypersensitive element III1 (NHE III1) containing a 27-base pair purine-rich 
noncoding strand is located between -142 to -115 bp upstream from the P1 promoter 
and  can  control  more  than  80%  of  the  transcriptional  activity  of  c-MYC  gene 
(Sakatsume et al., 1996; González and Hurley, 2010). 
 
 
Suppress
transcription
Suppress
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Figure ‎ 1.16 Schematic representation of the human c-MYC promoter structure and the location of 
multiple transcription start sites (taken from González and Hurley, 2010).  
1.8.2.1  c-MYC quadruplexes 
The 27-nucleotide guanine-rich sequence within the nuclease hypersensitive element 
III1 of the c-myc promoter contains six G-tracts with variable-length (Siddiqui-Jain et 
al., 2002; Yang and Okamoto, 2010). These six runs of guanines have the capability to 
form multiple intramolecular G-quadruplex structures based on different combination of 
G-tracts. These sequences will normally be  constrained within a duplex as they are 
present along with the complementary C-rich strand. For a quadruplex to form the two 
complementary DNA strands must first separate to allow the single-stranded G-rich 
tract to adopt a G-quadruplex structure. Recently, a study by Sun and Hurley showed 
that c-MYC G-quadruplex formation is facilitated by negative superhelical stress (Sun 
and Hurley, 2009). 
The first realization that synthetic 27-base-long oligonucleotides corresponding to the c-
MYC promoter could form an intramolecular G-quadruplex in K
+-containing solution 
came from Simonsson group (Simonsson et al., 1998). It was proposed that the G-rich 
strand of the c-MYC NHE III1 promoter region could form an antiparallel arrangement 
consisting of three G-quartets that have two lateral loops and a central diagonal loop 
(Simonsson and Sjöback, 1999). Since then, varieties of biochemical and biophysical 
methods  have  been  performed  to  characterize  the  structure  of  quadruplexes  in  this 
region. 
 The  earliest  evidence  for  the  formation  of  G-quadruplex  and  its  effect  on  c-MYC 
transcription were based on electrophoretic mobility shift assays in which two types of 
G-quadruplex  structures  were  characterized  from  the  c-MYC  Pu27  NHE  III1  region 
(Siddiqui-Jain  et  al.,  2002).  DMS  footprinting  experiments  subsequently  identified  
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which guanine tracts in the NHE III1 region were involved in the assembly of these two 
quadruplexes. It was shown that the predominant structure was assembled from four 
consecutive G-tracts at the 3ʼ-end and suggested an intramolecular chair quadruplex 
model that was named as Myc-2345 (derived from the second, third, fourth and fifth G-
tracts) [see Table 1.4]. However, a second quadruplex structure is also formed from the 
first, second, fourth and fifth G-tracts and labeled as Myc-1245 [see Table 1.4] and an 
intramolecular  basket  quadruplex  structure  was  proposed  for  this  arrangement 
(Siddiqui-Jain  et  al.,  2002).  The  authors  used  a  luciferase  reporter  assay  to  study 
intracellular formation of the two c-MYC Pu27 intramolecular G-quadruplex structures 
and define their function. These experiments used a reporter plasmid known as Del-4, 
containing ~ 850 bp insert including the 27 bp putative quadruplex-forming sequence, 
in front of firefly luciferase coding sequence. In addition to the wild type Pu27 reporter 
plasmid, various single-and double nucleotide mutants in the core 27 bp were designed. 
These reporter constructs were transfected into HeLa S3 cells and dual luciferase assay 
showed that the wild type sequence repressed c-MYC transcription activity. In contrast 
when a specific single G-to-A mutant was transfected into the same cells line there was 
a  3-fold  increased  expression,  presumably  as  a  result  of  disruption  of  quadruplex 
folding.  Furthermore,  the  small-molecule  G-quadruplex-interactive  compound, 
TMPyP4,  which  targeted  a  specific  c-MYC  G-quadruplex  structure  in  the  NHE  III1 
region, was shown to downregulate c-MYC mRNA and protein levels in vivo (Siddiqui-
Jain et al., 2002). These experiments suggested that the c-MYC G-quadruplex acts as a 
repressor unit in transcriptional regulation. 
Table ‎ 1.4 The Pu27 NHE III1 sequence of the c-myc upstream of the P1 promoter and the sequences of 
the two proposed putative intramolecular c-myc G-quadruplexes. The regions that may form G-quartet are 
highlighted in black bold underline with the loop regions shown in red bold.  
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Multiple  possible  quadruplex  structures  can  be  formed  within  the  Pu27  NHE  III1 
sequence of human c-MYC promoter region and several studies have been carried out to 
determine the physiologically relevant quadruplex structure within this region (Hurley 
et  al.,  2006;  Yang  and  Hurley,  2006).  Mutational  analysis  combined  with  DNA 
polymerase stop assay and dimethyl sulphate (DMS) footprinting identified a mixture of 
four loops isomers formed by the four consecutive G-tracts‎at‎the‎3’-end of the c-myc 
Pu27. The study shown that the 1:2:1 loop isomer is the predominant isomer in the 
mixture (Seenisamy et al., 2004). An NMR study determined the folding and solution 
structure of two modified G-rich sequences derived from the Pu27 NHE III1 region. The 
resulting structures were parallel-stranded quadruplexes composed of three quartets, in 
which all the guanines were anti and all have three double-chain reversal loops in K
+-
containing solutions (Phan et al., 2004; Ambrus et al., 2005). Recently, plasmid DMS 
footprinting  experiment  revealed that the G-rich strand  within the  c-MYC  NHE  III1 
formed a G-quadruplex and the first four 5ʼ-end guanines runs, i.e. G2-G5, G7-G9, 
G11-G14 and G16-G18 (Myc-1234) were involved in the formation of this structure 
(Sun  and  Hurley,  2009).  A  subsequent  NMR  study  showed  that  the  major  G-
quadruplexes formed by the four consecutive 5ʼ runs of guanines and the 1:2:1 parallel-
stranded loop isomer is the major loop isomers that formed in Myc-1234 in K+ solution 
(Mathad et al., 2011).   
 
The  polypurine/polypyrimidine  tract  of  the  c-MYC  NHE  III1  is  proposed  to  be 
structurally  dynamic  and  to  have  the  potential  to  adopt  G-quadruplex  and  i-motif 
structures, respectively. Significantly, the 27-nucleotide cytosine-rich sequence within 
the nuclease hypersensitive element III1 of the c-myc promoter contains five consecutive 
C-tracts. These five runs of cytosines can potentially form multiple i-motif structures 
based on different combinations of C-tracts. Earlier studies on the formation of i-motif 
structure in c-MYC NHE III1 revealed that the major i-motif structure can form by the 
first  four  5ʼ  runs  of  cytosines.  A  combination  of  CD,  ultraviolet  (UV)  absorption 
spectroscopy, and native polyacrylamide gel electrophoresis methods confirmed that the 
pyrimidine-rich  strand  of  the  c-MYC  NHE  III1  can  self-assemble  to  form  an 
intramolecular i-motif at slightly acidic or even neutral pH (Simonsson et al., 2000). 
Recently  it  has  showed  that  the  most  stable  i-motif  was  generated  by  the  four 
consecutive C-tracts‎at‎the‎3’-end of the c-myc Pu27 at near- neutral pH (Dai et al., 
2010).  Previous studies have demonstrated that nucleolin and NM23-H2 preferentially 
stabilize  and  destabilize  the  c-MYC  promoter  G-quadruplex  and  function  as  a  
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transcriptional repressor and activator, respectively (Dexheimer et al., 2009; González 
et al., 2009).    
 
1.8.3  VEGF 
The Human vascular endothelial growth factor (VEGF) gene, also referred to as VEGF-
A, is a member of a family including VEGF-B, -C, -D, -E, -F and placenta growth 
factor (PLGF) that encod for a 40 kDa glycoprotein (Olsson et al., 2006). In mammalian 
cells,  vascular endothelial  growth factor binds to specific VEGF receptor (VEGFR) 
tyrosine kinases that are present on the cell surface. Three VEGF receptors have been 
identified include, VEGFR-1, VEGFR-2, and VEGFR-3. The VEGFR-1 and VEGFR-2 
are binding sites for VEGF-A, and it appears that VEGFR-2 mediates the majority of 
angiogenesis process (Olsson et al., 2006).  
VEGF expression is stimulated by different factors including hypoxia, pH, activated 
oncogenes, inactivated tumor suppressor genes, and growth factors (Sun et al., 2005). 
The VEGF gene is overexpressed in a number of human cancers, e.g. glioma, renal cell 
carcinoma,  ovarian,  and  pancreatic  cancer  (Guo  et  al.,  2008).  The  human  vascular 
endothelial growth factor (VEGF), also known as vascular permeability factor, plays a 
fundamental role in regulating tumor angiogenesis and in normal situations VEGF gene 
expression only occurs during important cellular processes such as vasculogenesis and 
angiogenesis (Olsson et al., 2006). However, in certain tumour cells there is increased 
hypoxia-induced vascular endothelial growth factor expression. VEGF as a pluripotent 
cytokine  and  angiogenic  growth  factor  (Sun  et  al.,  2010)  binds  to  the  extracellular 
domain of VEGFR-1 or VEGFR-2 receptor tyrosine kinase located on the surfaces of 
endothelial cells. Subsequently, VEGF binding promotes receptor dimerization and this 
lead to activation of the intracellular tyrosine kinase domain and autophosphorylation. 
VEGF signalling stimulates the formation of new vessels that then provide oxygen and 
nutrients to starved tumour cells (Olsson et al., 2006). VEGF receptor signalling has 
also  been  implicated  in  the  regulation  of  endothelial  cell  proliferation,  migration, 
survival, and permeability. 
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1.8.3.1  VEGF quadruplexes 
At the molecular level a polypurine/polypyrimidine tract has been characterized within 
the proximal promoter region of the human vascular endothelial growth factor (VEGF) 
gene.  This  tract  consists  of  36  bp  located  between  the  -85  to  -50  upstream 
transcriptional initiation site and it acts as a binding site for a number of transcription 
factors, among them Sp1and Egr-1 (Sun, 2010). This polypurine/polypyrimidine tract is 
essential for increasing the basal VEGF gene expression, and VEGF expression appears 
to be controlled at the level of transcription. The observation that four consecutive runs 
of guanines separated by one or two cytosine bases exist within polypurine tract raises 
the possibility of intra- or intermolecular G-quadruplex formation in this region. 
Early studies demonstrated that duplex DNA oligomers containing the putative VEGF 
quadruplex-forming  sequences  undergo  structural  transitions  in  vitro,  which  are 
stabilized by K
+ ion and G-quadruplex binding ligands such as TMPyP4 or telomestatin 
(Sun  et  al.,  2005).  The  results  showed  progressive  unwinding  of  double-  to  single-
stranded DNA with the addition of potassium and G-quadruplex-stabilizing agents. It 
was reasoned that the unpaired G-rich tracts can adopt a G-quadruplex in the presence 
of K
+ and ligands that mediated quadruplex-stabilization. Furthermore, the CD spectrum 
of  the  same  G-rich  strands  revealed  a  parallel-stranded  G-quadruplex  structure. 
Subsequently, footprinting studies performed with supercoiled plasmid DNA containing 
the VEGF promoter sequence revealed that the 3ʼ- side of the putative quadruplex-
forming  sequence  was  hypersensitive  to  S1  nuclease  under  superhelical  stress. 
Moreover, the introduction of a single point mutation into the same quadruplex-forming 
region disrupted G-quartet formation, and the plasmid exhibited resistance to cleavage 
by the nuclease in both the presence of ions or ligands. These results indicated that G-
quadruplex  formation  was  depended  on  both  wild-type  sequence  and  negative 
superhelicity (Sun et al., 2005). 
Later, a combination of biophysical and biochemical methods were applied to further 
confirm the existence of a G-quadruplex in the proximal promoter region of the VEGF 
gene  (Sun  et  al.,  2008).  Overall,  the  results  from  these  experiments  showed  that 
intramolecular propeller-type parallel-stranded G-quadruplex structures are formed by 
the G-rich strand of the VEGF promoter regions. The DNA polymerase stop assay was 
one of the experimental methods that were used to confirm the existence of the VEGF 
G-quadruplex in vitro and to determine the selectivity of TMPyP4 or Se2SAP for VEGF  
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G-quadruplex.  It  was  demonstrated  that  Se2SAP  has  10-fold  higher  selectivity  for 
VEGF G-quadruplex over duplex than TMPyP4. The effect  of these ligands  on the 
VEGF transcription in  various human cells lines was investigated and Se2SAP was 
shown to repress VEGF expression, compared to other small molecules that have used 
to targeting VEGF G-quadruplex (Sun et al., 2008).  
In  a  later  publication  the  same  authors  used  DMS  and  nucleolin  as  chemical  and 
structural  probes respectively to identify the existence of G-quadruplex structures in 
vivo as well as in vitro within the polypurine/polypyrimidine tracts of VEGF promoter 
region (Sun et al., 2010). By applying chromatin immunoprecipitation (ChIP) assay it 
has  confirmed  that  the  G-rich  strand  within  VEGF  promoter  region  can  form  G-
quadruplex under superhelical stress (Sun et al., 2010).   
The existence of polypurine/polypyrimidine tracts in the proximal promoter region of 
human VEGF gene raises the possibility of the formation of two different secondary 
structures  in  these  tracts.  The  G-rich  strand  could  form  intra-  or  intermolecular  G-
quadruplex structures under physiological conditions, while the complementary C-rich 
strand  has  the  possibility  to  form  an  intra-  or  intermolecular  four-stranded  i-motif 
structure containing hemiprotonated C
+.C base pairs under acidic conditions. Despite 
growing evidence supporting the formation of G-quadruplexes in the G-rich strand of 
the  VEGF  proximal  promoter  region,  effort  has  also  been  made  to  confirm  the 
formation  of  an  i-motif  within  the  complementary  polypyrimidine  tract.  In  a  recent 
study, direct evidence for the existence of G-quadruplex and i-motif structures within 
VEGF polypurine/polypyrimidine tracts  have been demonstrated  (Guo  et  al., 2008). 
DMS  footprinting,  mutational  analysis,  DNA  polymerase  stop  assay,  and  CD 
spectroscopy, have confirmed that the G-rich strand of the VEGF proximal promoter 
forms a parallel-stranded G-quadruplex structure with propeller-type loops containing 
(1:4:1) bases. Furthermore, Br2 footprinting in conjunction with CD spectroscopy has 
demonstrated that the complementary C-rich strand forms an i-motif at a pH 5.9 with a 
structure that consists of six C-C
+ base pairs with three loops containing 2, 3, and 2 
bases (Guo et al., 2008).   
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1.8.4  Bcl-2 
The  Bcl-2  gene  (B-cell  CLL/  lymphoma  2)  was  originally  discovered  in  human 
follicular  B-cell  lymphoma  for  its  involvement  in  the  t(14;18)  chromosomal 
translocation, that led to enhanced Bcl-2 protein production (Shahid et al., 2010). The 
human Bcl-2 gene encodes a 25 KDa mitochondrial membrane protein that acts to block 
programmed cell death (Dexheimer et al., 2006; Shahid et al., 2010). This oncoprotein 
is also known as anti-apoptotic protein and it has been found to be overexpressed in 
various  types  of  human  cancer  cells  including  B-cell  and  T-cell  lymphomas,  breast 
cancers,  non-small cell lung carcinomas, cervical, prostate, and colorectal cancer (Dai 
et al., 2006). However, in stroke and neurodegenerative‎diseases‎such‎as‎Alzheimer’s‎
and‎Parkinson’s,‎Bcl-2 gene expression was low (Shahid et al., 2010).  
1.8.4.1  Bcl-2 quadruplexes 
The human Bcl-2  gene has two promoters P1 and P2; P1  is the predominant Bcl-2 
promoter  located  1386-1423  bp  upstream  of  the  translation  start  site.  Within  the 
proximal promoter region of Bcl-2 gene, a 39 bp sequence located 58 to 19 bp upstream 
of the P1 promoter is characterized as a TATA-less and high G/C content with multiple 
transcription initiation sites that play essential roles in regulating Bcl-2 transcriptional 
activity.  This  bcl-2Pu39‎ tract‎ consists‎ of‎ six‎ runs‎ of‎ guanines‎ (5ʼ-
AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG-3ʼ)‎ with‎ one‎ run‎
composed of five guanines, two runs composed of four guanines each and three runs 
composed of three guanines each (Dai et al., 2006). Similar to the NHE III1 region of c-
MYC promoter (Siddiqui-Jain et al., 2002), the GC-rich region upstream of the Bcl-2 P1 
promoter  contains  multiple  G-tracts  and  can  adopt  multiple  intramolecular  G-
quadruplex structures in vitro (Dexheimer et al., 2006). DMS footprinting was used to 
identify  the  guanine  tracts  that  participated  in  the  formation  of  Bcl-2  G-quadruplex 
structure.  The  results  confirm  that  the  predominant  G-quadruplex  structure  was 
generated  from  the  middle  four  consecutive  runs  of  guanines.  On  the  basis  of  CD 
spectroscopy, the folding topology of this quadruplex was confirmed and it appears to 
be a mixed parallel/antiparallel structure (Dexheimer et al., 2006). The first molecular 
structure of the  Bcl-2 G-quadruplex has  been reported by Dai  et  al., (2006), which 
showed that the Bcl-2 G-quadruplex is a mixed parallel/antiparallel intramolecular G-
quadruplex with two edgewise loops and one double-chain-reversal loop (Dai et al., 
2006). A study from the Hurley group has demonstrated that the cytosine tracts of a  
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polypyrimidine-rich strand of the Bcl-2 promoter can form a stable intramolecular i-
motif structure with 8:5:7 loop arrangements (Kendrick et al., 2009). 
1.9  RNA G-quadruplexes 
Most of the published studies have been focused on the formation of G-quadruplexes in 
DNA. However, studies have shown that each of RNA, peptide nucleic acid (PNA) and 
conformationally locked nucleic acid (LNA) have the potential to adopt G-quadruplex 
structures  (Burge,  2006;  Saha  et  al.,  2010;  Zhang  et  al.,  2010).  Combinations  of 
biophysical techniques have been applied to reveal the formation of a four-stranded 
structure  by  a  guanine-rich  PNA  tetramer  (Krishnan-Ghosh  et  al.,  2004a).  Another 
independent study showed that G-rich PNA strands can assemble to form dimeric and 
tetrameric quadruplex structures (Datta et al., 2005). 
Low numbers of putative quadruplex-forming sequences (PQS) were observed in the 
coding strand of exonic regions, which suggest that PQS are unlike to be present in 
sequences that will generate coding regions of mRNA (Huppert and Balasubramanian, 
2005). Nevertheless, research in recent  years focused on understanding the role and 
function of RNA quadruplexes in gene expression. In genomic DNA, all the G-rich 
sequences that can potentially adopt DNA quadruplexes are present in double helical 
DNA structures that are based on Watson-Crick base pairs, except for the 3ʼ-overhang 
telomere  sequences,  which  are  present  in  a  single-stranded  form.  In  non-telomeric 
regions,  quadruplex  formation  requires  separation  of  the  two  complementary  DNA 
strands  liberating  the  single-stranded  G-rich  tract  to  generate  a  G-quadruplex  under 
physiological conditions. However, guanine-rich sequences that have the capability to 
form RNA quadruplexes are usually present in single strands forms and these G-rich 
sequences do not have to compete with a complementary C-rich strand. In 1991, Moore 
group reported the formation of an extremely stable RNA G-quadruplex derived from 
biologically  relevant  RNA  sequences.  The  5ʼ-  GCCGAUGGUAGUGUGGGGU-3ʼ 
sequences derived from the 5S RNA of E. coli (strand III) have the potential to form a 
stable  tetrameric  quadruplex  structure  in  K
+-containing  solution  (Kim  et  al.,  1991). 
Numerous studies have since shown that four-stranded RNA structures formed from G-
rich sequences are thermodynamically much more stable than the corresponding DNA 
sequences (Singh and Kollman, 1996; Zhang and Zhi, 2010; Zhang et al., 2010). It has 
been proposed that the 2ʼ hydroxyl (OH) group of RNA may have a stabilizing effect on 
RNA  G-quadruplexes  by  increase  melting  temperature  Tm.  RNA  G-quadruplexes  
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predominantly adopt an all-parallel arrangement with anti glycosidic torsion angles due 
to the sugar‎pucker‎which‎favours‎the‎C3ʼ-endo type caused by steric problems with 
2ʼOH‎(Huppert,‎2008b). 
Bioinformatics  studies  have  also  identified  the  existence  of  potential  RNA  G-
quadruplex-forming sequences in the 5ʼ untranslated regions (UTR) of many mRNAs 
i.e.  human  NRAS  proto-oncogene  (Kumari  et  al.,  2007;  Huppert  et  al.,  2008).  The 
authors  found  that  the  sequence  5ʼ-GGGAGGGGCGGGUCUGGG-3ʼ  within  the  5ʼ 
UTR  of  the  human  NRAS  proto-oncogene  mRNA  has  the  potential  to  form  a 
thermodynamically stable RNA G-quadruplex. Moreover, it was shown that RNA G-
quadruplexes in the 5ʼ UTR can modulate gene expression at translational level (Kumari 
et  al.,  2007).  Subsequent  studies  showed  that  stabilization  of  a  5ʼ  UTR  mRNA  G-
quadruplex  with  small  molecule  ligands  can  inhibit  translation  of  human  NRAS 
oncogene in vitro (Bugaut et al., 2010).  
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1.10 Aims of work 
The c-KIT proto-oncogene is implicated in variety type of human cancers. It is well-
documented  that  the  c-KIT  proximal  promoter  region  is  GC-rich  and  contains  two 
putative G-quadruplex-forming sequences. The aims of this work were: 
To investigate the effect of the c-kit quadruplex-forming promoter sequence on gene 
activity in vivo. Using a reporter gene assay, this work first examined the effect of the 
wild  type  promoter  containing  both  c-KIT  1  and/or  c-KIT  2  quadruplex-forming 
sequences on gene expression. The effects of these two putative G-quadruplexes were 
also examined by using different modified versions of each of the two quadruplex-
forming sequences.  
To investigate the accessibility of the promoter sequences to chemical probes of DNA 
structure in linear fragments and in supercoiled DNA plasmids. This  was examined 
using three different chemical probes, KMnO4, DEPC and DMS.  
To assess the effect of DNA supercoiling on the stability of the c-kit promoter using 
two-dimension gel electrophoresis with distributions of plasmid topoisomers. 
To estimate the kinetic of the duplex/quadruplex equilibrium using a gel based assay.  
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Chapter Two 
2  Materials and Methods 
2.1  Materials 
2.1.1  Oligonucleotides 
All the oligonucleotides used in this thesis (Chapter 3 and 6) were synthesized by Prof. 
T.  Brown  (School  of  Chemistry,  University  of  Southampton).  These  were  used  as 
supplied and were stored frozen at -20 °C. 
2.1.2  Enzymes and chemicals  
 The majority of restriction enzymes used in this thesis were purchased from Promega. 
T4 DNA ligase and polynucleotide kinase were purchased from New England Biolabs. 
Luciferase reporter vectors (including pGL3-basic and pGL3-control), dual luciferase 
assay‎system‎kit‎were‎purchased‎from‎Promega.‎Radioactive‎[α-
32P]dATP‎and‎[γ-
32P] 
ATP were purchased from  Perkin Elmer. AMV reverse transcriptase was purchased 
from Sigma Aldrich. Native polyacrylamide (Accugel) and denaturing polyacrylamide 
gel  (Sequagel)  solutions  were  purchased  from  National  Diagnostics.  Taq  DNA 
polymerase and dNTPs were purchased from Promega. Wheat Germ Topoisomerase I 
was purchased from Inspiralis. All chemical were purchased from Sigma Aldrich. The 
QIAprep  plasmid  preparation  kit  was  obtained  from  Qiagen  (UK).  Chloroquine 
diphosphate salt was purchased from Sigma Aldrich. 
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2.1.3  Buffers and solutions  
 
 
2.2  Methods for studying G-quadruplexes  
There are varieties of biophysical and biochemical techniques that have been used to 
study G-quadruplex nucleic acid structures. This section focuses on the experimental 
methods  that  were  employed  in  this  thesis  to  monitor  and  probe  G-quadruplex 
formation.  
2.2.1  Reporter gene expression assay 
Reporter genes can be used as indicators (markers) to investigate the biological function 
of unknown regulatory sequences e.g. promoter or enhancer elements. In particular, the 
firefly  luciferase  reporter  is  the  most  common  one  that  has  been  widely  used  to 
elucidate the effect of promoter sequences on gene expression. Briefly, this construct 
has been generated by incorporating the regulatory sequences (carrying the putative 
quadruplex-forming sequences) upstream of the luciferase gene. This plasmid construct 
was then transfected into eukaryotic cells. Measuring the level of luciferase expression 
will evaluate promoter activity in vivo, and therefore provide a useful tool to compare 
different  promoter  elements.  Dual-luciferase  reporter  assays  measure  the  activity  of 
both firefly (Photinus pyralis) and Renilla (Renilla reniformis) luciferase in a single 
sample and use the renilla expression as an internal control. Moreover, dual-reporter 
assays  provide  a  simple,  low  sample  cost,  and  repeatability  test  to  study  the 
physiological  function  of  DNA  and  RNA  quadruplexes  on  gene  expression  in  vivo 
(Halder et al., 2012). Most of the published studies on the impact of G-quadruplexes in  
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the regulation of gene transcription have been carried out using dual luciferase reporter 
assay protocol. The work by Siddiqui-Jain et al. 2002 used a human c-MYC promoter 
region ~850 bp containing a 27 bp G-rich sequence (-142 to -115 bp upstream from the 
P1) which was cloned upstream of the firefly luciferase gene, in addition to single- and 
double-nucleotide  mutations  in  the  core  27  bp.  These  reporter  constructs  were 
transfected  into  HeLa  S3  cells  and  the  dual  luciferase  assay  showed  that  wild-type 
quadruplex structure caused transcription  repression.  In  contrast,  a single-base point 
mutation‎of‎a‎quartet‎G→A‎resulted in a 3-fold relative increase in c-MYC activity as a 
result of the disrupted G-quadruplex structure (Siddiqui-Jain et al., 2002). Furthermore, 
functional cell-based assay has been considered to be a vital tool to identify new G-
quadruplex small molecule ligands (McLuckie et al., 2011). 
2.2.2  Chemical probing assay 
Chemical probing is method that can be used to identify local structural transitions in 
the DNA molecule. This method is based on the ability of some chemical agents to 
recognize and modify  DNA bases  at  single-nucleotide level,  followed by piperidine 
cleavage at the site of modification. There are number of chemical agents that have been 
preferentially reacted with single or double-stranded DNA. The two main single-strand 
selective  probes  employed  in  this  thesis  (Chapter  4)  are  potassium  permanganate 
(KMnO4) and diethyl pyrocarbonate (DEPC). The common feature of these reagents is 
having better accessibility to single-stand over the double-strand nucleic acids. KMnO4 
oxidizes the C5-C6 double bond of pyrimidine (T >> C) in single-stranded DNA. DEPC 
carbethoxylate N7 atoms of the purines in the major groove of DNA, resulting in a 
piperidine-sensitive  site  (Fox  and  Grigg,  1988).  DMS  is  a  methylating  agent  that 
selectively  reacts  with  N7  of  guanine  residues  in  duplex  and  single-stranded  DNA. 
However, if N7 is occluded, such as by participates in Hoogsteen base pairing, it will be 
inaccessible to DMS methylation. This feature is used to identify guanine residues that 
are involved in Hoogsteen base pairing in G-quarteta. 
2.2.3  Two-dimensional gel electrophoresis 
Two-dimensional  agarose  gel  electrophoresis  is  a  technique  for  visualizing 
supercoiling-dependent  DNA  conformational  changes.  The  principle  governing  this 
method is the fact that structural transitions from B-form DNA to non-B-form DNA 
produce changes in twist leading to alterations in the number of superhelical turns. This  
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change  can  be  identified  by  changes  in  the  electrophoretic  mobility  of  DNA 
topoisomers in agarose gels.  
 
2.3  Experimental methods and Protocols 
2.3.1  Radiolabelling DNA with 
32P  
Two different radiolabeling protocols were used in this thesis. G-rich single-stranded 
synthetic oligonucleotides, which were used for kinetic stability assays (chapter 6) were 
labelled  at  the  5ʹ-end  using  T4  DNA  polynucleotide  kinase  and  γ-
32P[ATP].  For 
chemical probing assays (chapter 4), restriction digested DNA fragments containing the 
synthetic insert were labeled with α-
32P [dATP] using AMV reverse transcriptase.   
2.3.1.1  5ʹ-end labeling   
Guanine rich sequences used in Chapter 6 (shown in Table 6.1) were labeled at 5ʹ-end 
with‎[γ-
32P]ATP. 1‎μl‎of‎10‎μM‎single‎stranded‎oligonucleotide‎was‎labeled‎with‎1‎μl‎
[γ-
32P]ATP,‎ in‎ a‎mixture‎containing‎2μl‎ 10x‎polynucleotide‎kinase‎buffer,‎1‎μl‎ (10‎
units)‎ T4‎ DNA‎ polynucleotide‎ kinase‎ and‎ 15μl‎ distilled‎ water.‎ The‎ samples‎ were‎
incubated‎at‎37°C‎for‎1‎hour‎and‎5‎μl‎of‎DNase‎I‎stop‎solution‎was‎added.‎This‎was‎
then  heated  at  100°C  for  3  minutes  before  loading  onto  a  14%  denaturing 
polyacrylamide gel containing 8 M urea (see section 2.3.1.4). The gels were run at 1500 
V/ 40 W for about 2 hours. After running, the glass plates were separated, and the gel 
was exposed to X-ray film for a few minutes to locate the position of the radioactive 
DNA fragments. The band containing the radiolabelled DNA was excised from the gel, 
inserted‎into‎1000‎μl‎micropipette‎tip‎and‎covered‎with‎about‎300‎μl‎of‎[TE‎1]‎elution‎
buffer;  this  was  incubated  overnight  at  room  temperature  with  gentle  shaking.  The 
eluted DNA was collected and precipitated by adding at least 3 volumes of ethanol, and 
spinning at 13000 rpm for 10 minutes. The radioactive pellet was washed with 70% 
ethanol, dried and re-dissolved‎in‎100‎μl‎[TE‎2]‎Tris-EDTA buffer at a concentration of 
about 10 cps per microliter as estimated using a hand held Geiger counter. 
2.3.1.2   3ʹ-end labeling  
Prior to labeling, the G-rich tract was released from the luciferase reporter vector by 
double digestion using Acc651 and Hind III. The 3ʹ-end‎was‎labeled‎with‎α-
32P [dATP] 
using AMV reverse transcriptase. 40‎μl‎linearized‎DNA‎fragment‎was‎labeled‎with‎0.5‎ 
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μl‎ [α-
32P]dATP‎ (3,000‎ Ci/mmol,‎ Perkin‎ Elmer),‎ in‎ a‎ mixture‎ containing‎ 5μl‎ 10x‎
Reverse‎ transcriptase‎ buffer,‎ 0.5‎ μl‎ (5‎ unites)‎ AMV‎ reverse‎ transcriptase‎ and‎ 4.2μl‎
distilled water. The samples were incubated at 37°C for‎3‎hours.‎The‎3ʹ-end labeled 
DNA was purified on an 8% non-denaturing polyacrylamide gel (see section 2.3.1.3) 
which was at 800 volt /20 W for about 1 hour. The radiolabeled DNA fragments were 
extracted and purified as described above (section 2.3.1.1).  
2.3.1.3  Non-denaturing polyacrylamide gel electrophoresis   
For preparing a 16% polyacrylamide gel, 20 ml Accugel was mixed with 5 ml 10 X 
TBE and distilled water was added to make a final volume of 50 ml. This solution was 
mixed‎well,‎and‎200μl‎freshly‎prepared‎ammonium‎persulphate‎solution‎(APS‎0.2‎g/ml)‎
was‎added‎followed‎by‎41‎μl‎N,‎N,‎N',‎N'- tetramethyldiamine (TEMED). These non-
denaturing polyacrylamide gels (40 cm long) were run at 800 volts/ 22 W until the 
bromophenol blue reached the bottom (typically 2 hours).  
2.3.1.4  Denaturing polyacrylamide gel electrophoresis  
5ʹ-labeled  single-stranded  DNA  fragments  were  loaded  onto  a  14%  denaturing 
polyacrylamide gel (chapter 6), while the products of piperidine cleavage (chapter 4) 
were separated on 9% polyacrylamide  gel  containing 8M  urea. Prior to  loading the 
radiolabeled DNA onto the gel, samples were boiled at 100 ºC for 3 minutes, before 
rapidly cooling on ice. The gels were run at 1500 V/ 40 W for about 2 hours. For the 
chemical probing assays (chapter 4), gels were fixed in 10% acetic acid for 10 minutes, 
covered with cling film and dried under vacuum at 85°C for 1 hour. Dried gels were 
exposed  to  a  phosphoimager  screen  and  left  overnight  to  develop.  The  screen  was 
scanned using Storm 860 phosphorimager. 
2.3.1.5  GA tract 
1.5‎µl‎of‎3ʹ-end radiolabelled DNA was mixed with 20 µl of distilled water and 5µl of 
DNase I stop solution. The mixture was heated to 100 ºC for 30 minutes with the lid 
open, and then chilled in ice before loading the marker alongside the modified chemical 
samples. 
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2.3.2  Preparation of competent E.coli TG2 cells  
A single colony of E. coli TG2 was used to inoculate 5ml of 2YT media (16 g tryptone, 
10 g yeast extract, 5 g NaCl per litre) and incubated overnight at 37 ºC in a shaking 
incubator. The next day, 1 ml of the overnight culture was inoculated into 100 ml of 
2YT media and incubated at 37 ºC in a shaking incubator until the optical density (OD) 
at 600 nm reached between 0.5-0.8. The cells were harvested by centrifuging at 3000 
rpm  for  10  minutes  and  the  bacterial  pellet  was  re-suspended  in  20  ml  ice-cold 
transformation buffer (see section 2.1.3) and placed on ice for half an hour. After this, 
cells were harvested by spinning again at 3000 rpm for 10 minutes, and the pellet was 
re-suspended in 5 ml ice-cold transformation buffer. These competent cells were stored 
at 4 ºC for up to 2 weeks. 
2.3.3  Transformation  
5μl‎of‎plasmid‎DNA‎were‎mixed‎with‎200μl‎competent‎E. coli TG2 cells and left on ice 
for 30 minutes. The mixture was then heat-shocked at 42ºC for 1 minute to allow the 
plasmid vector to enter and be retained within the competent cells. This was returned to 
the‎ice‎for‎few‎minutes‎before‎plating‎100‎μl‎of‎the‎transformation mixture on to agar 
plates containing‎100‎μg/‎ml‎carbenicillin.‎ 
2.3.4  Plasmid purification using QIAGEN plasmid Mini prep Kit  
A single colony of E. coli TG2, which contained the plasmid of interest, was picked 
from an agar plate containing carbenicillin‎(100μg‎/ml)‎and‎used‎to‎inoculate‎5‎ml‎of‎
2YT‎media‎which‎had‎been‎supplemented‎with‎carbenicillin‎at‎100‎μg/‎ml.‎These‎were‎
grown overnight at 37ºC in a shaking incubator. The bacterial cells were harvested by 
spinning at 3500 rpm for 4-5 minutes. The pellet was re-suspended‎in‎250‎μl‎cold‎P1‎
buffer‎which‎ contains‎ RNase‎A,‎ followed‎by‎ adding‎250‎μl‎ buffer‎P2‎(lysis‎buffer‎
contain‎NaoH/SDS‎and‎supplemented‎with‎RNase).‎The‎solution‎was‎mixed‎and‎350‎μl‎
buffer N3 (neutralization buffer contain high salt concentration) was added and mixed 
gently by inverting the tube 4 to 6 times, then centrifuged at 13000 rpm for 10 minutes. 
The  supernatant  were  transferred  into  QIAGEN  prep  spin  column,  followed  by 
centrifugation at 13000 rpm for 1 minute. After discarding the flow-through,‎500‎μl‎PB 
buffer was added and centrifuged for 1 minute at 13000 rpm. The column was washed 
by‎adding‎750‎μl‎PE‎buffer‎and‎centrifuged‎at‎13000‎rpm‎for‎1‎minute.‎To‎fully‎remove‎
PE buffer, the spin column was spun for extra 1 minute at 13000 rpm. Elution of the 
DNA‎was‎performed‎by‎adding‎55‎μl‎of‎EB‎buffer‎(or‎water)‎followed‎by‎centrifugation‎ 
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at  13000  rpm  for  1  minute.  The  concentration  of  the  purified  DNA  plasmid  was 
measured by using Nano Drop spectrophotometer.   
 
2.3.5  Cloning  
2.3.5.1   Cloning the c-kit promoter region into the pGL3 basic reporter vector 
To study the effect of quadruplex-forming sequences within promoter regions on gene 
expression (chapter 3), we prepared plasmid constructs in which portions of the c-kit 
promoter were cloned upstream of the luciferase gene in the pGL3 basic vector (Figure 
2.1). Several constructs were designed and prepared by dividing this region into three 
cassettes and cloning these in different combinations. Before inserting these cassettes 
into pGL3 basic reporter vector, each oligonucleotide was annealed by heating at 95 ºC 
for 10 minutes and slowly cooled to room temperature in the presence of 10 mM NaCl. 
pGL3 basic plasmid was digested with restriction enzymes as described below: 
 
 
Figure ‎ 2.1 pGL3-Basic promoter vector map (Promega) 
 
2.3.5.1.1  Plasmid digestion 
2‎μl‎pGL3‎basic‎reporter‎vector‎was‎digested‎with‎1‎μl‎(10‎units)‎Acc‎651,‎1‎μl‎(10‎
units) Bgl II, in‎buffer‎D‎in‎a‎final‎volume‎of‎20‎μl.‎These‎were‎incubated‎at‎37‎ºC‎for‎
approximately‎4‎hours,‎then‎2‎μl‎(2‎units)‎shrimp‎alkaline‎phosphatase‎(Promega)‎and‎2‎
μl‎10X‎SAP‎buffer‎were‎added‎to‎remove‎the‎5’-phosphates in order to prevent re-
ligation of digested plasmid, and the sample was left at 37ºC overnight. Next day the  
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sample was  heated at  65 ºC for 15 minutes to inactivate the SAP  and the digested 
plasmid was precipitated by adding 3 volumes of ethanol, leaving on dry ice for 10-15 
minutes and spinning at 13000 rpm for 10 minutes. The pellet was washed with 70% 
ethanol, dried under vacuum and re-suspended‎in‎10‎μl‎distilled‎water.‎ 
2.3.5.1.2   Preparation of pGL3 vector constructs 
To‎prepare‎the‎construct‎vectors,‎10‎μl‎of‎digested‎pGL3‎vector‎(prepared‎as‎described 
above‎2.3.5.1.1)‎were‎mixed‎with‎5‎μl‎of‎each‎cassette‎to‎be‎inserted,‎2‎μl‎10‎X‎buffer‎
and‎1‎μl‎(10‎units)‎T4‎DNA‎ligase‎and‎then‎incubated‎at‎room‎temperature‎for‎a‎further‎
hour. The following DNA oligonucleotides were used in this study (Figure 2.2). 
 
 
Figure ‎ 2.2 List of the c-kit promoter sequences cassettes that used in this experiment. The regions that 
contain  quadruplex-forming  sites  are  highlighted  in  red  bold  with  the  mutations  from  the  wild  type 
sequence shown in blue bold 
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2.3.5.1.3  Characterization of plasmid constructs 
Nine reporter  constructs were designed  (Table  2.1) and  cloned into the pGL3-basic 
vector in the same orientation in which they drive the expression of luciferase gene. 
Once  the  TG2  cells  were  transformed,  a  selection  of  the  colonies  was  screened  by 
colony PCR (see section 2.3.6.1) to check for the presence of an insert (Figure 2.3). The 
relevant‎ forward‎ primer‎ (RV‎ primer‎ 3;‎ 5’-CTAGCAAAATAGGCTGTCCC-3’)  and 
reverse primer (GL primer 2; 5’- CTTTATGTTTTTGGCGTCTTCCA-3’) were used. 
Successful incorporation was shown by the appearance of a new band of about 250 base 
pairs,  whereas  the  amplified  size  of  this  region  from  the  original  vector  was 
approximately 165 base pairs.  
 
Table ‎ 2.1 Design of the vector constructs to be used in this work. The red letters show the initial letter of 
the first and the second cassettes.  
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Figure  ‎ 2.3 Example of an agarose gel representing the results of colony PCR to screen for positive 
clones. 1
st Lane left (M) represents the Hyper ladder II DNA molecular weight marker used in this work. 
Lane (1) represent colony PCR with the pGL3- basic vector. Lanes 2-6 correspond to results of colony 
PCR from five different bacterial colonies. Lane 2, 4, 5 and 6 show negative results, while lane 3 shows a 
positive result (the 250 base pair amplified full length product from the c-kit promoter region). 
 
After we had ascertained which colonies contained correct length inserts, plasmids were 
prepared from these and were sent to Eurofins MWG operon for sequencing using the 
relevant‎forward‎primer‎(RV‎primer‎3;‎5’- CTAGCAAAATAGGCTGTCCC-3’).‎The‎
sequencing results (Appendix 1) confirmed that each construct contained the correct 
sequence and there were no mutations. 
2.3.5.2  Preparation of vectors containing both Firefly and Renilla luciferase reporter 
genes 
In order to prepare plasmids containing both Firefly and Renilla luciferase genes the c-
kit promoter regions were excised from the plasmids described in section 2.3.5.1.3 and 
these  were  inserted  into  the  equivalent  region  of  a  pGL3  vector  that  contained  the 
Renilla fragment (which had been cloned into the BamH1 site of pGL3). To excise the 
c-kit promoter‎region‎from‎each‎of‎the‎pGL3‎vector‎constructs,‎2‎μl‎construct‎vector‎
were‎digested‎with‎1‎μl‎Acc‎651,‎1‎μl‎BglII‎in‎buffer‎D‎in‎a‎final‎volume‎of‎20‎μl.‎To‎
prevent religation‎of‎this‎vector‎in‎subsequent‎steps‎this‎was‎further‎digested‎with‎1‎μl‎
Bam‎H1.‎These‎digestions‎were‎incubated‎at‎37‎ºC‎overnight.‎1‎μl‎of‎the‎pGL3-Ren 
vector 1 (containing the Renilla region), which had been digested with (10 units) of Acc 
651 and‎BglII,‎‎was‎mixed‎with‎5‎μl‎of‎the‎digested‎pGL3‎vector‎(containing‎the‎desired‎
c-kit region‎to‎be‎inserted),‎2‎μl‎10‎X‎buffer‎and‎1‎μl‎(10‎units)‎T4‎DNA‎ligase‎and‎then‎
incubated at room temperature for a further hour. The digestion and cloning method is  
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shown  schematically  in  Figure  2.4.  Ligated  plasmids  were  used  to  transform  TG2 
competent cells.  
 
 
 
Figure  ‎ 2.4  A  sketch  showing  the  method  used  for  digestion  and  cloning  to  make  pGL3  plasmid 
constructs that contain both the firefly and Renilla luciferase genes 
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2.3.6  PCR   
2.3.6.1  Colony PCR  
Colony PCR was used to screen the transformed colonies for those that containing the 
correct length insert. A small amount of a single colony was pick from the agar plate 
using‎a‎sterile‎tip‎and‎combined‎with‎5‎μl‎10‎X‎Taq‎buffer;‎1μl‎dNTPs‎(25mM‎each‎
dNTP);‎2μl‎GL‎Primer‎2‎(10μM);‎2μl‎RV‎Primer‎3‎(10μM);‎39μl‎distilled‎water‎and‎1μl‎
(10 units) GoTaq® DNA enzyme. The samples were placed in DNA thermal cycler and 
run‎under‎the‎following‎reaction‎condition‎(Table‎2.2).‎10‎μl‎of‎each‎PCR‎product‎was‎
mixed‎with‎5‎μl‎loading‎dye‎and‎the‎samples‎were‎run‎on‎a‎1.5%‎agarose‎gel‎at‎90‎V‎for‎
about 2 hours. These were run alongside an appropriate DNA size marker and were 
visualized under UV light. 
 
Table ‎ 2.2 PCR reaction condition protocol used in this experiment 
 
 
 
 
2.3.6.2  Pfu PCR reaction  
The Renilla region was amplified from pICtest2 empty plasmid [plasmid was provided 
by Dr. Mark J. Coldwell (Centre for Biological Sciences, University of Southampton]. 
The PCR mixture including the DNA template, dNTPs, DMSO, primers, buffer and pfu 
polymerase, and the volumes of each component are shown in Table 2.3. The PCR 
amplification  reaction  was  carried  out  under  the  following  conditions:  The  samples 
were first heated at 94 ºC for 2 minutes, followed by 4o cycles of denaturation at 94 ºC 
for 1 minute, annealing at 50 ºC for 1 minute; elongation at 72 ºC for 4 minutes. After  
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the final cycle a further 10 minutes elongation at 72 ºC was included to ensure that the 
copies of the DNA had been completely extended, followed by holding the reaction at 4 
ºC. 
 
Table ‎ 2.3 Composition of the PCR reaction sample 
 
 
2.3.6.3  Purification of PCR products 
PCR products were purified using a QIAGEN PCR clean-up kit. Briefly, 5 volumes of 
BP DNA binding buffer (provided) were added to 1 volume of the PCR product and 
mixed  well.  The  mixture  was  transferred  into  the  extraction  spin  column  and 
centrifuged (13000 rpm/1 min.) to bind the DNA. After discarding the flow-through, 
700‎μl‎of‎PE‎buffer‎(provided)‎was‎added‎to‎the‎column,‎followed‎by‎centrifugation‎
(13000 rpm for 1 min.). The flow-though was  discarded and the spinning step was 
repeated for 1 minute. The DNA was eluted by adding‎30‎μl‎of‎EB‎buffer‎(provided),‎
followed by centrifugation at 13000 rpm for 1 minute.  
2.3.6.4    PCR mutagenesis: Site-directed mutagenesis 
A further set of different mutant versions of the wild type core c-kit promoter region 
(chapter 3) were generated by site-direct mutagenesis using the QuikChange protocol. 
The primers used are presented in Figure 2.5. The PCR mixture contained the DNA 
template; dNTPs, DMSO, primers, buffer and pfu polymerase, and the volumes of each 
component are shown in Table 2.4. The PCR amplification reaction was carried out 
using a TECHNE thermo-cycler under the following conditions: The sample was first 
heated at 94 ºC for 2 minutes, followed by 18 cycles of denaturation at 94 ºC for 1  
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minute, annealing at 50 ºC for 1 minute and elongation at 68 ºC for 13 minute.  The 
protocol ended with 10 minutes at 72 ºC to ensure that the copies of the DNA had been 
completely extended,  followed by holding the reaction at 4 ºC.  
2.3.6.4.1  DpnI treatment: 
After‎PCR‎mutagenesis,‎1‎μl‎of‎DpnI restriction endonuclease was added to each PCR 
product mixture and mixed gently and were incubated at 37 ºC for 1 hour to digest the 
methylated  non-mutated  original  template  DNA  plasmid.  This  was  followed  by 
transformation into TG2 strain of E. coli competent bacterial cells and then sequencing 
the grown colonies.  
 
 
Figure ‎ 2.5 Sequences of primers used for site-direct mutagenesis of the c-kit promoter reporter vector.  
The regions that contain Sp1 specific binding site sequences are highlighted in blue bold. The regions 
undergoing mutations from the wild type sequence shown in red bold. 
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Table ‎ 2.4 Composition of the PCR reaction sample 
 
 
2.3.7  Mammalian cell lines 
Two different human cell lines HeLa (Human cervical epitheloid carcinoma cells) and 
HCT 116 (colorectal carcinoma cells) were kindly provided by Dr. Mark J. Coldwell 
(Centre for Biological Sciences, University of Southampton), and the cells at passage 
number 6 were used in this study. Cells were stored frozen at -176ºC in liquid nitrogen.  
2.3.7.1  Cell culture  
The‎ human‎ HeLa‎ cells‎ line‎ were‎ cultured‎ in‎ Dulbecco’s‎ Modified‎ Eagle's‎ Medium‎
(DMEM) containing 4.5g/L D-glucose, 25mM HEPES and 10% heat inactivated fetal 
calf‎serum‎(FCS).‎HCT‎116‎cells‎were‎cultured‎in‎McCoy’s‎Medium‎containing‎10%‎
heat inactivated fetal calf serum (FCS) and supplemented with gentamycin. Both cell 
lines were cultivated in T75 cm
2 flasks in a 37ºC incubator with 5% CO2. The following 
day, the media was aspirated off and the cells were washed twice with pre-warmed 
calcium-magnesium  free  phosphate  buffered  saline  (CMF-PBS).  The  residual  buffer 
was  removed  and  trypsin-EDTA  added,  followed  by  incubation  at  37ºC  for  5-10 
minutes until all the cells had detached from the base of the flask. After this incubation 
period, media supplemented with serum was added to stop the trypsin reaction. The cell 
number‎was‎counted‎by‎removing‎10‎μl‎of‎the‎cell‎suspension‎and pipetting this into a 
counting chamber (Haemocytometer). 
2.3.7.2  Transfections  
24 hours before transfection, 96 well plates were set up containing 2000 cells per well 
in‎200‎μl‎of‎media.‎These‎were‎incubated‎at‎37ºC‎in‎5%‎CO2. In case of co-transfected 
cells with single reporter plasmids, a co-transfection mix was made by adding 1 μl‎of‎ 
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0.1‎μg/‎μl‎pGL3-basic construct which contains the c-kit promoter region upstream of 
the‎firefly‎luciferase‎gene,‎to‎1‎μl‎of‎0.02‎μg/‎μl‎phRL-CMV which contains the Renilla 
luciferase.  In  order  to  prepare  the  transfection-complex‎ mixtures,‎ 97‎ μl‎ serum-free 
media‎were‎combined‎with‎3‎μl‎transfection‎reagent‎(Gene‎juice),‎together‎with‎1‎μl‎of‎
co-transfection mix. This was allowed to stand at room temperature for 15-30 minutes. 
Following‎this‎incubation‎period,‎2‎μl‎of‎the‎transfection- complex mixture were loaded 
into each of the three replicate wells from the overnight 96-well plate, and the plate was 
incubated at the appropriate temperature in 5% CO2 for 24 hours. Twenty-four hours 
after  transfection,  the  media  were  replaced  with  a  new  fresh  growth  media 
supplemented with serum and the cells were incubated for another 24 hours at 37ºC 
before harvesting.  
2.3.7.3   Dual luciferase assay 
To determine the luciferase activity of each reporter construct vector, a dual luciferase
® 
reporter  assay  kit  (Promega)  was  used.  48  hours  after  transfection,  the  media  were 
aspirated‎and‎the‎cells‎were‎washed‎with‎100‎μl‎1X‎PBS‎buffer.‎1X‎passive‎lysis‎buffer‎
(20‎μl)‎was‎added‎to‎each‎well‎and‎the‎plates‎were incubated for 15 minutes on a plate 
rocker‎at‎room‎temperature.‎Following‎this‎incubation‎period,‎5‎μl‎of‎each‎cell‎lysate‎
was transferred into a new well of a white 96-well plate. The luciferase assay reagent 
(LAR  II)  and  Stop  &  Glo  reagents  were  prepared‎ following‎ the‎ manufacturer’s‎
recommended protocol. The luciferase activity was measured with a GloMax
® Multi 
Detection‎system.‎For‎each‎well,‎25‎μl‎of‎luciferase‎assay‎reagent‎(LAR‎II)‎and‎Stop‎&‎
Glo reagent were added and the luminescence was automatically measured after 10 
seconds.  For  each  of  the  vector  constructs,  the  value  of  the  firefly  luciferase  (after 
subtracting the value from  the untransfected cells) was  divided by the value of the 
Renilla luminescence (after subtracting the value from the untransfected cells). 
2.3.7.3.1  Statistical analysis  
The promoter activity of each vector construct represents the mean of the relative firefly 
and  Renilla  luciferase  activity  of  three  independent  experiments  (each  experiment 
performed in triplicate). All calculations were performed using GraphPad Prism version 
6. Unpaired, two-tailed t-test was used to determine statistical differences in relative 
luciferase activities of the wild type and modified version of reporter constructs, and a 
value of P˂‎0.05 was considered as being significant.  
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2.3.8  Chemical probing assay 
2.3.8.1  KMnO4 reaction  
Freshly prepared stock solutions of KMnO4 were used for the chemical probing assay.  
The supercoiled form of each reporter construct was incubated with 20 mM Tris-HCl, 
pH 7.4 buffer with 150 mM KCl at 37ºC overnight to promote G-quadruplex formation. 
To generate linearized dsDNA fragment, the supercoiled plasmid was double digested 
with  Acc651  and  Hind  III  restriction  enzymes.  Supercoiled  and  linear  DNA  were 
treated separately with KMnO4 (final concentration 10 mM (v/v)) for 10 minutes at 
room temperature. The reactions were terminated by adding 0.5µl of 2-mercaptoethanol 
followed by chilling the sample in ice. DNA samples were ethanol precipitated and 
washed with 70% ethanol. The samples were the heated at 90 ºC for 30 minutes in 10% 
(v/v)  piperidine.  The  samples  were  then  lyophilized  and  washed  twice  with  water 
followed by further lyophilization. 
2.3.8.2   Dimethyl sulphate methylation  
 
The supercoiled form of the plasmid DNA was incubated in 20 mM Tris-HCl buffer 
with 150 mM KCl at 37 ºC overnight. The linearized form was generated by double 
digestion  using  Acc651  and  Hind  III  releasing  the  c-kit  promoter  region.  For  both 
supercoiled and linear DNA samples were incubated with DMS (final concentration 
0.5% (v/v)) for 1 minute at room temperature. Each reaction was stopped by adding 
0.5µl of 2-mercaptoethanol followed by chilling the sample on ice. To precipitate the 
DNA, 3 volumes of 100% ethanol were added plus 10 µl sodium acetate (3M pH 5.2), 
and the samples were left on dry ice for 30 minutes. Cleavage of the modified bases was 
then achieved by heating in piperidine (10% v/v) at 90 °C, followed by lyophilization 
and several washes with water (see Figure 2.6 below).  
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Figure ‎ 2.6 Flowchart explaining the general steps for chemical modification assay of the core promoter 
region of c-kit under both supercoiled (left panel) and linearized DNA form (right panel).  
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2.3.9  Two-dimension gel electrophoresis 
2.3.9.1  Generation of plasmid topoisomers 
The supercoiled DNA plasmid was purified using the QIAGEN plasmid miniprep kit 
(see section 2.3.4). From this, a series of DNA topoisomers containing different linking 
numbers were generated by relaxation with topoisomerase I. The supercoiled form of 
each construct vectors was incubated with wheat germ Topoisomerase I in the presence 
of  various  concentrations  of  ethidium  bromide  (0  to  2µg/ml)  for  1  hour  at  37  ºC. 
Following ethanol precipitation, individual topoisomers were re-suspended in 20µl TE1 
and store at -20 ºC (see Figure 2.7 below). 
 
Figure  ‎ 2.7 One-dimension gel electrophoresis analyses for the GG plasmid construct. The left panel 
represents a cartoon showing the expected results for the separation of the topoisomer ladder that is 
generated by Topoisomerase I treatment. Right panel represent a one-dimensional agarose gel with a wide 
range of topoisomers electrophoresed. Topoisomerases were produced by treatment of the GG plasmid 
with topoisomerase I in the presence of ethidium bromide at concentrations (in µg/ml) of zero (lane 1), 
0.25 (lane 2), 0.5 (lane 3), 0.75 (lane 4), 1 (lane 5), 1.25 (lane 6), 1.5 (lane 7), 1.75 (lane 8), and 2 (lane 
9). OC: open circular, L: linear DNA bands, and SC: DNA supercoiling DNA. The gel is a 1% agarose 
gel run in 1× TBE buffer, and stained with gel red after electrophoresis. 
 
2.3.9.2  Two-dimension agarose gel electrophoresis  
Two-dimensional electrophoresis was performed on a horizontal 1 % agarose gel (20 
cm x 20 cm) which was at room temperature at 3.3 Volt/cm for 15hours. A mixture of 
DNA topoisomers was incubated with 150 mM potassium at 37°C for 24 hours prior to 
electrophoresis  to  promote  quadruplex  formation.  8  µl  Ficoll  loading  dye  was  then 
added to this and the sample applied to a single well at the left corner of an agarose gel.  
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The first dimension was carried out in TBE buffer with the addition of KCl to give final 
concentration  of  10mM.  The  gel  was  then  soaked  in  TBE  buffer  containing  the 
intercalator chloroquine (2 mg/ml) for at least 10 hours with  gentle agitation. After 
soaking, the gel was turned 90° from its original position and the chloroquine buffer 
was returned into the electrophoresis tank to run the sample in the second dimension. 
The gel was stained in water plus gel red for 18 hours before photographing (see Figure 
2.8 below). 
 
 
Figure  ‎ 2.8  Two-dimension  gel  electrophoresis  of  plasmid  topoisomers.  Left  panels  top  and  bottom 
present  a  cartoon  showing  the  expected  results  for  generation  of  2D  gel  undergo  no  structural  and 
structural transition, respectively. Right panel represent a real 2D agarose gel showing the distribution of 
topoisomers for the SS plasmid construct.   
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2.3.10  Kinetic studies on quadruplex-duplex equilibria 
This study aimed to examine the influence of various factors, including temperature, 
ionic strength, and loop size on the quadruplex-duplex equilibrium. Three different G-
quadruplex forming sequences were used in this study, and are shown in Table 2.5. 
These  were  based  on  the  human  telomeric  repeat  (T2AG3)4,  a  very  stable  artificial 
quadruplex-forming sequence (G3T)4 and the telomeric repeat from the marine ciliate 
Oxytricha nova (G4T4)4. DNA duplexes based on these sequences were prepared by 
mixing  the  radiolabelled  G-rich  DNAs  with  an  equal  volume  of  the  C-rich 
complementary strand, together with two volumes of a solution of KCl, NaCl or LiCl at 
different concentrations (varied between 100 mM – 1M). These were heated at 100°C 
for 10 minutes and annealed by cooling slowly on ice. The rate of dissociation (Figure 
2.9 A) of these duplex was measured by adding a 50-fold excess of the unlabelled G-
rich sequences, thereby sequestering the C-rich strand as the duplex dissociates, and 
releasing the free radiolabelled G- strand. These reactions were performed at various 
temperatures (55°C, 60°C, and 65°C). Samples were removed at various times and the 
reaction was stopped by placing them on dry ice. Ficoll solution containing 10 mM 
EDTA and bromophenol blue was added to each sample and these were loaded onto a 
16% non-denaturing polyacrylamide gel (Figure 2.9 B). This was run at 800 V/ 22 W 
for about 4 hours. The gel was fixed in 10% acetic acid for 10 minutes, covered with 
cling film and dried under vacuum at 85°C for 1 hour. Dried gels were exposed to a 
phosphoimager screen and left overnight to develop. The screen was scanned using 
Storm 860 phosphor imager.  
 
Table ‎ 2.5 G-quadruplex forming DNA oligonucleotide sequences used in this work 
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Figure  ‎ 2.9  (A)‎ Schematic‎ representation‎ of‎ the‎ kinetic‎ stability‎ of‎ duplex/‎ quadruplex‎ equilibrium‎
experiment.‎The‎red‎asterisk‎indicates‎the‎5‎ -end labeling with radioactive 
32P. (B) Schematic diagram 
showing the expected results for determining the duplex dissociation rate. The duplex DNA runs as the 
upper band and the intensity of this radiolabelled band decreases within the time. Free radiolabelled G-
rich single strand appear as the lower band which increases in intensity within the time. 
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Chapter Three 
3  The Effects of Quadruplex-Forming Sequences on 
Transcription from the c-kit Promoter 
3.1  Introduction  
Guanine  repeat-containing  sequences  have  the  potential  to  adopt  a  four-stranded 
structure known as a G-quadruplex. These sequences fold to form intramolecular or 
intermolecular G-quadruplex structures containing stacks of three or more G-quartets. 
Bioinformatics analysis of genome databases has identified the existence of potential 
quadruplex-forming sequences within the promoter regions of prokaryotic genes (Rawal 
et al., 2006) and numerous protein-coding and non-coding human genes (Huppert and 
Balasubramanian, 2005; Todd et al., 2005; Eddy and Maizels, 2006). Notably, it has 
been observed that these potential G-quadruplexes-forming sequences are distributed in 
genes that involved in proliferation, neurogenesis, and kinase activity. In contrast genes 
involved in tumour suppressors, G-protein signalling and nucleosome assembly are less 
likely to have putative promoter G-quadruplex sequences (Eddy and Maizels, 2006). 
This observation suggests that the existence of alternative non-B-DNA structures in 
these  regions  may  interfere  with  transcription  and  could  cause  increased  genetic 
instability of these repeat sequences. It has been reported that more than 47 % of proto-
oncogenes are rich in guanine-containing regions, which have the potential to adopt a 
G-quadruplex structure. In particular, two putative quadruplex-forming sequences (c-kit 
1 and c-kit 2) have been previously identified within the nuclease hypersensitive region 
of the proto-oncogene c-kit, as described in the general Introduction. However, little is 
known about the role of these two c-kit promoter G-quadruplexes on transcription in 
vivo.  The  experiments  described  in  this  chapter  investigate  the  effect  of  these  c-kit 
promoter G-quadruplexes on transcription. 
3.2  Hypothesis  
Potential quadruplex-forming sequences are present within the core promoter region of 
the c-kit proto-oncogene. It has been suggested that formation of quadruplex structures 
in this region may regulate the transcription of the c-kit oncogene. The aim of the work 
described in this chapter was to prepare constructs in which 165 base pairs of the c-kit 
promoter, and modified version of these, are inserted into the pGL3 luciferase reporter 
vector. Determining the level of luciferase expression of these constructed vectors in  
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two different  cells  line  will allow us  to  better  understand the effect  of quadruplex-
formation on gene expression in vivo.    
3.3  Basic Experimental Design  
The  165  base  pair  sequence  of  the  c-kit  core  promoter  region  was  split  into  three 
cassettes in order to simplify the vector constructions, which were prepared as synthetic 
oligonucleotides (Figure 3.1). The first cassette (1) contained the  c-kit 2 quadruplex 
region  and  the  Sp1  binding  site.  The  middle  cassette  (2)  contained  the  second 
quadruplex-forming region within the promoter sequence (c-kit 1). The third cassette 
contained  the  remainder  (non  quadruplex-  forming  sequence)  of  the  c-kit  promoter 
region, before the transcription start site. To elucidate how the transcription initiation of 
c-kit is regulated by any G-quadruplex forming structure, and to evaluate the biological 
relevance of c-kit 1 and c-kit 2 quadruplexes, a set of modified oligonucleotides were 
designed based on these cassettes. The total lengths of these sequences were similar; all 
of the inserts were cloned into the same restriction sites. Two modified versions of the 
wild  type  c-kit  2  were  prepared.  The  first  modified  sequence  was  designed  by 
scrambling  G  with  C  in  order  to  disrupt  G-quadruplex  formation.  In  the  second 
modification the native quadruplex-forming sequence was replaced with a very stable 
intramolecular quadruplex that contains four G3 tracts connected by single T loops. In 
addition to the modified versions of the c-kit 2, three further modified versions of the 
wild-type c-kit 1 were also prepared. The first modification sequence was designed by 
substituting G with C in order to abolish the assembly of G-quartets. A second modified 
sequence was made by replacing the wild-type sequence within the c-kit 1 with four 
repeats sequence of G3T, which has been shown to adopt a highly stable G-quadruplex 
structure  with  diagonal  loops.  The  third  modification  introduced  a  point  mutation 
replacing A5 with a T in the first loop sequence, within the promoter c-kit 1. This was 
done as it is known that loops with single T residues produce more stable quadruplexes 
than  those  with  single  As  (Rachwal  et  al.,  2007b).  We  were  interested  to  discover 
whether these modified sequences would have any effect on the promoter activity and 
thereby alter luciferase expression. To test this proposal we cloned the 165 base pairs of 
the c-kit promoter region (assembled from cassettes 1, 2 and 3) between the Acc651 and 
Bgl II restriction sites of the pGL3 basic vector (Promega), upstream of the luciferase 
start codon as described previously (see section 2.3.5.1).  
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Figure ‎ 3.1 List of c-kit promoter region cassettes used in this study. The regions that contain quadruplex 
forming sequences are highlighted in red with the mutations from the wild type sequence shown in blue.  
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3.4  Results  
3.4.1  Measurement of luciferase activity in cells expressing two different 
plasmids 
The preliminary step for performing luciferase assay was to generate reporter constructs 
(see section 2.3.5.1 for more details). Nine reporter constructs were designed (Table 
3.1) and cloned into pGL3-basic vector in the same orientation in which they derive the 
expression of luciferase gene.  
 
Table ‎ 3.1 Design of the vector constructs to be used in this work. The red letters show the initial letter of 
the first and the second cassettes.  
 
 
We  then  tested  the  effects  of  these  nine  reporter  constructs  on  the  luciferase  gene 
expression when transfected into two different  cell lines (HeLa or HCT 116). Each 
vector  construct  containing  the  luciferase  gene  was  co-transfected  into  human 
carcinoma cell line along with plasmid phRL-CMV (expressing the Renilla luciferase) 
at ratio of 5:1. The cells were harvested after 48 hours and the  Renilla and Firefly 
luciferase activities were measured using the dual luciferase reporter assay system. All 
the constructs showed some firefly luciferase activity, confirming that the constructs 
were being expressed correctly. For each experiment the luciferase measurements were 
made  in  triplicate  and  the  experiments  were  repeated  three  times.  Empty  promoter 
pGL3-basic vector was used as a negative control in all the luciferase assays. The ratio 
of  the  average  firefly  luciferase  activity  to  Renilla  was  calculated  and  normalized  
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according to the transfected WW (wild type c-kit) reporter plasmid. The results derived 
from co-transfected HeLa cells are shown in Figure (3.2, top) and reveal that SW, SS 
and GW construct  vectors showed slightly higher levels  of luciferase  expression as 
compared to the wild type expression (construct vector WW). The greatest increase in 
luciferase  expression is evident with  construct WS (~ 5.3  -fold increase), while the 
lowest level of luciferase expression is found in constructs WG and GG with ~ 3.2-fold 
(P˂‎0.01)‎and‎6.5-fold (P˂‎0.001)‎decrease‎respectively‎relative‎to‎the‎wild‎type‎c-kit 
(construct vector WW) (Figure 3.2, top).  
In HCT 116 cells, the relative pattern of luciferase expression was the same with one 
exception. The results (Figure 3.2, bottom) show that construct GS has a slightly higher 
level of luciferase expression (~ 0.7-fold higher) compared to the vector WW and GW 
construct. We found that construct GG, containing the four repeat sequence of G3T 
within c-kit 1 and 2 G-quadruplex-forming sites, strongly inhibited (~ 81%; P˂‎0.001)‎
the activity of luciferase gene in the HCT 116 cell line. Although the results of these co-
transfection experiments (using the c-kit promoter reporter vector and a separate vector 
containing  the  Renilla  luciferase)  show  interesting  results  there  was  considerable 
variation from experiment to experiment. We therefore prepared plasmids that contain 
both the genes for both the firefly and Renilla enzymes within the same plasmid vector.  
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Figure ‎ 3.2 Relative firefly and Renilla luciferase activities of the nine constructs in both HeLa (top) and 
HCT116  (bottom)  cells.  These  results  are  the  average  values  obtained  from  three  independent 
experiments, each performed in triplicate. The error bars represent the standard deviation from triplicates 
of three separate experiments. The asterisks indicate results that are significantly different from the wild 
type (WW reporter construct) using unpaired, two-tailed t-test.  
 
 
3.4.2  Measurement of luciferase activity in cells expressing one plasmid 
As a result of the problems encountered with co-transfecting two plasmids (firefly and 
Renilla luciferase) we decided to insert the Renilla region (Renilla promoter and Renilla 
luciferase gene) into the each of the nine firefly constructs, into the 2004 BamH1 site 
downstream of the SV40 late poly (A) signal.  The 2090 bp Renilla region was isolated  
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from the original Renilla plasmid by PCR-amplification using Pfu DNA polymerase 
(see section 2.3.6.2). BamH1 sites were incorporated into the ends of this fragment 
using  the  forward  primer  (5’-CCACAGCGGATCCAAATGAG)  and  reverse  primer 
(5’-GTCACGGATCCGGTCGACAGATCCTCACAC).  The  amplified  product  was 
cleaned-up  using  the  quick  PCR  purification‎ kit‎ according‎ to‎ the‎ manufacturer’s‎
instructions (QIAGEN) as described previously (see section 2.3.6.3). We first attempted 
to  ligate  this  fragment  into  the  BamH1  site  of  each  of  the  previous  pGL3  reporter 
constructs. The multiple colonies from the transformation plate were PCR screened for 
successful ligation. Successful ligation and insertion of the Renilla gene was confirmed 
by running the PCR products  on 0.7 % agarose gel  (Figure 3.3) and  verifying that 
products were the same length as the expected (~2 Kb). After colony PCR screening, 
the colony that contained the correct insert was selected for further steps.  
DNA content from different colonies was compared with the original vector to confirm 
the existence of an insert using relevant restriction enzymes and run on an agarose gel. 
The results shown that there are two bands, one of them running more slowly (~7 Kb) 
than the original vector (~5 Kb) indicating the presence of the insert. The difference in 
molecular weight between these two bands was ~2 Kb which is the approximate size of 
the  insert  (data  not  shown).  Despite  several  attempts  this  protocol  only  yielded 
successful clones for construct WG and the pGL3-control (these are now named WGR 
and  COR  respectively).  One  of  the  major  problems  was  that  after  ligation  and 
transformation very few colonies were obtained on each plate. Cloning such a large 
fragment is intricate, so this cloning strategy for inserting the 2090 bp Renilla fragment 
was not a success.  
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Figure ‎ 3.3 Agarose gel electrophoresis of the products of colony PCR reaction after 40 cycles. 1
st Lane 
(M) left represent the molecular weight marker. Lane 3 (circled in green) representing the positive PCR 
product of the colony PCR screening for successful ligation (corresponding to the pGL3 reporter WGR). 
The other lanes reveal clones that lacked the correct inserts.   
 
 
After so many failed attempts to insert the PCR-amplified Renilla gene into the other 
vector constructs we decided to use the WGR vector as a template to generate all the 
other  constructs.  The  c-kit  promoter  region  was  therefore  excised  from  each  of  the 
pGL3 vector constructs by double digestion with Acc651 and Bgl II and ligated into the 
WGR construct which had also been opened by double digestion using Acc651 and Bgl 
II (Figure 2.4). This strategy also ensures that the Renilla gene and promoter is inserted 
in  the same orientation  in  all the  constructs.  To confirm  that  the ligation had been 
successful, colony PCR was performed to check that the picked colonies contained both 
the  correct  sequences  of  the  insert  (c-kit  promoter)  and  Renilla  fragment  in  two 
independent PCR-based screening experiments (Figure 3.4). The inserted sequences (c-
kit promoter) were further identified and verified by DNA sequencing. By this method 
the nine dual pGL3 reporter constructs were obtained (Table 3.2) in which they drive 
the expression of firefly and Renilla luciferase genes under control of c-kit promoter and 
Renilla promoter, respectively.  
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Figure ‎ 3.4 Agarose gel electrophoresis of the colony PCR products, screening for successful ligation 
reaction. (A) PCR products  of colony PCR, screening  for the  c-kit inserted sequences. 1
st Lane (M) 
represents the DNA marker. Lane (1) represent the colony PCR of the pGL3-basic vector (without c-kit 
insert). Lanes 2 and 3 represent the amplified full length of the c-kit promoter region (250 base pairs). (B) 
PCR products of colony, screening for the inserted sequences (Renilla fragment). 1
st Lane (M) represents 
the DNA marker. Lane (1) represents colony PCR of the Renilla plasmid (positive control). Lanes (2 & 
13) (circled in green) represent the amplified full length of the Renilla region (~ 2Kb); the other lanes 
reveal unsuccessful negative clones. 
 
 
 
Table ‎ 3.2 Reporter constructs containing firefly and Renilla luciferase genes to be used in this study. The 
red letters show the initial letter of the first and the second cassettes. 
 
           * indicate that Renilla fragment was found  
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To further understand the potential role of the two putative c-kit 1 and 2 G-quadruplex-
forming structures, five more c-kit mutant reporter plasmids were generated (Table 3.3) 
by  site-directed  mutagenesis  using  the  WWR  reporter  plasmid  as  a  template.  The 
primers that used to generate mutated reporters are shown in Figure (3.5). For further 
information about the protocol that was used for site-directed mutagenesis see section 
2.3.6.4.  DNA  sequencing  results  (presented  in  appendix)  confirmed  the  presence  of 
those mutations in c-kit promoter sequences.  
 
 
 
Figure  ‎ 3.5  Sequences  of  primers  used  for  site-direct  mutagenesis  of  c-kit  promoter  reporter  vector.  
Sequences of the  wild-type  c-kit 1 and c-kit 2 quadruplex-forming sites are boxed. The regions that 
contain Sp1 specific binding site are highlighted in blue bold. The regions undergo mutations from the 
wild type sequence shown in red bold. 
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Table ‎ 3.3 Design of five different mutant reporters constructs. The red letters and numbers show the type 
and the position of the mutation, respectively.  
 
 
 
To investigate how these constructs regulate luciferase gene expression and activity, 
HeLa  and  HCT  116  cell  lines  were  independently  transfected  with  single  reporter 
constructs driving expression of the Renilla and firefly luciferase genes. Empty pGL3-
basic and pGL3-control reporter vectors were included in the luciferase reporter assay 
and served as negative and positive controls, respectively. The previous c-kit promoter 
activity  results  in  this  study  (section  3.4.1)  suggested  that  a  DNA  G-quadruplex 
structure could down-regulate the transcription activity of luciferase in eukaryotic tested 
cells.  To  clarify  this  point,  a  set  of  five  further  mutant  reporter  constructs  were 
examined alongside the other nine dual reporter constructs. Cells were transfected with 
each c-kit promoter construct and tested for luciferase activity. The results are shown in 
Figures 3.6 and 3.7, expressed as a ratio of firefly luciferase to Renilla luciferase. Very 
similar patterns of relative luciferase activity were observed when the experiment was 
conducted  in  HeLa  and  HCT  116  cells.  One  exception  was  when  HeLa  cells  was 
transfected with the SWR construct (Figure 3.6, top) there was a slight decrease in 
luciferase  activity  relative  to  their  wild  type  which  contrasts  with  the  significant 
increase in expression when the same construct was transfected into HCT 116 cells 
(Figure 3.6, bottom). Two of the reporter constructs (WGR and GGR) showed a much 
greater reduction in luciferase expression relative to the rest of the reporter constructs. 
GGR produced a highly significant reduction in luciferase activity of 100% (P˂‎0.001)‎
and 91% (P˂‎0.001)‎in‎HeLa‎and‎HCT‎116‎cells,‎respectively‎relative‎to‎the‎wild‎type‎ 
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c-kit (construct vector WWR). Interestingly, all the reporter plasmids revealed slightly 
higher expression in HeLa cells in comparison to the HCT 116 cell line.  
                                             
 
 
 
 
Figure ‎ 3.6 Relative firefly luciferase activities of the nine vector constructs in both HeLa (top) and HCT 
116 (bottom) cells. The results are average values obtained from three independent experiments, each 
performed in triplicate. The error bars represent the standard deviation from triplicates of three separate 
experiments.  The  asterisks  indicate  results  that  are  significantly  different  from  the  wild  type  (WW 
reporter construct) using unpaired, two-tailed t-test.  
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Figure  3.7  shows  the  relative  luciferase  activities  of  the  six  addition  luciferase 
constructs expressed in HeLa and HCT 116 cells. The A31 vector produced the largest 
decrease in luciferase activity relative to the other mutant constructs. However, the A21 
reporter plasmid showed a significant increase in luciferase expression level. In these 
mutant reporter plasmids we have inserted 4-bp and 6-bp between the c-kit 2 potential 
quadruplex and the Sp1 binding site to produce A31 and A21 respectively. These results 
revealed that luciferase levels were increased or unchanged for all the other mutant 
reporters compared to the wild-type (WWR reporter construct). 
  
 
 
Figure ‎ 3.7 Relative firefly luciferase activities of the six vector constructs in HeLa and HCT 116 cells. 
The results are average values obtained from three independent experiments, each performed in triplicate. 
The  error  bars  represent  the  standard  deviation  from  triplicates  of  three  separate  experiments.  The 
asterisks show significantly different values from the wild type (WW reporter construct) as determined 
using unpaired, two-tailed t-test.  
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3.5  Discussion 
3.5.1  Cells co-transfected with single reporter plasmids  
Computational searches have identified the presence of potential G-quadruplex-forming 
sequences  in  the  promoter  and  gene  regulatory  regions  of  several  proto-oncogenes 
including, c-MYC, c-KIT, VEGF, BCL2 and KRAS (Qin et al., 2007; Todd and Neidle, 
2008; Sun et al., 2010; Balasubramanian et al., 2011). Based on this finding, it has been 
suggested that the formation of G-quadruplex structures in regions near the transcription 
initiation sites may affect transcription. Over the past few years, several research groups 
have  focused  on  understanding  the  physiological  role  of  G-quadruplex  structures  in 
cellular processes such as transcription, recombination, and replication. Nevertheless, 
direct evidence for the formation and functional consequences of G-quadruplexes in 
vivo  in  these  processes  inside  the  genome  of  human  cells  remains  a  significant 
challenge. Recent experiments have used an engineered specific DNA G-quadruplex 
antibody to visualize the existence of G-quadruplex structures in human genome (Biffi 
et al., 2013). On the basis of cell-based reporter assay, previous studies have shown that 
the formation of G-quadruplex structures in the c-MYC and KRAS promoter regions 
causes dysfunction (inhibition) of transcription (Siddiqui-Jain et al., 2002; Cogoi and 
Xodo, 2006). In contrast, G-quadruplexes formed in the hypersensitive sites within the 
human insulin gene and muscle-specific gene enhanced gene transcription (Hammond-
Kosack et al., 1992; Shklover et al., 2010).  
To investigate the effect of quadruplex-forming sequences on gene activity in vivo the 
results  presented  in  this  chapter  used  nine  luciferase  reporter  constructs  containing 
variants of the c-kit promoter sequence. This combination of the native c-kit promoter 
and the modified versions should help to evaluate the biological relevance of these two 
putative G-quadruplexes. All the c-kit reporter constructs were expressed well in both 
cell lines, because the transcription factors which were needed for c-kit expression were 
available. The expression of the c-kit proto-oncogene has been previously reported in 
human  colorectal  tumors  (Bellone  et  al.,  1997).    Co-transfecting  cells  with  single 
reporter  constructs  showed  varied  levels  of  expression  between  three  independent 
experiments. This suggests that the inability to co-transfect the cells with equal copy 
numbers  of  these  different  plasmids,  which  led  to  get  varied  expression  levels  of 
luciferase  activity  within  three  independent  experiments.  However,  few  significant 
differences were observed when comparing luciferase activity results derived from co- 
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transfection reporter constructs with the transfection results obtained by using the dual 
luciferase reporter vectors.   
A‎‘scrambled’‎sequence,‎replacing‎G‎with‎C‎residues,‎was‎included‎to‎prevent‎G-quartet 
assembly. This disruption of quadruplex formation led to enhanced luciferase activity 
(with the exception of construct SWR in HeLa cells), with a greater effect when this 
was introduced into the c-kit-1 sequence than c-kit-2. A second modification introduced 
a‎single‎point‎mutation‎(A→T)‎within‎the first loop of the c-kit 1 sequence, keeping the 
rest loops sequence unchanged (construct WP). Mutating the single loop sequence to a 
T residue, should produce a more stable quadruplex and indeed produce a reduction in 
luciferase  expression  compared  with  the  WW  control.  The  effect  of  quadruplex 
formation was further studied by replacing the native quadruplex-forming sequences 
either separately or in combination with a very stable intramolecular quadruplex (G3T)4. 
These  constructs  showed  a  clear  and  pronounced  reduction  in  luciferase  activity 
compared to the wild-type. The simplest explanation is that this quadruplex-forming 
sequence, with four G-tracts separate by three single loops, can adopt a very stable 
intramolecular  quadruplex  thereby  inhibiting  transcription.  This  stable  quadruplex 
should  shift  the  duplex-quadruplex  equilibrium  toward  the  quadruplex  and  suppress 
luciferase expression levels.  
3.5.2  Cells transfected with a dual reporter plasmid  
 The results derived by co-transfecting HeLa and HCT 116 cells with single reporter 
constructs bearing modified versions of c-kit promoter and deriving firefly luciferase 
gene  were  worked  well,  though  the  relative  firefly  luciferase  values  of  the  same 
construct  varied  from  experiment  to  experiment. For this  reason,  we introduced the 
Renilla  luciferase  downstream  of  the  SV40  late  poly  (A)  signal  into  the  previous 
luciferase-c-kit reporter constructs. Nine dual reporter plasmids were constructed and, 
together with an additional set of five mutant vectors, these were separately transfected 
into HeLa and HCT 116 cells under serum-stimulated conditions. A mutated version of 
c-kit 1‎with‎single‎A→T‎transition‎(construct‎WPR)‎showed‎a‎lower‎level‎of‎luciferase‎
expression  compared  to  the  wild-type  c-kit  reporter  vector  (WWR).  A  number  of 
studies have shown that loops containing thymine bases are more stable than those with 
adenine (Rachwal et al., 2007b; Guédin et al., 2009).  
It is clear that replacing the native c-kit 1 and/or c-kit 2 sequences with the extremely 
stable  G3T  produces  the  lowest  expression  levels  (constructs  WG,  GG,  WGR  and  
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GGR).  Replacing  the  c-kit  2  sequence  alone  with  G3T  (GW  and  GWR  reporter 
constructs)  had  a  much  smaller  effect,  suggesting  that  the  c-kit  2  sequence  is  less 
important for affecting gene expression and predicting that only c-kit 1 seems to be 
biologically relevant. This finding could be important as it would suggest that c-kit 1 
should be the more attractive target for drug design by stabilizing and controlling this 
quadruplex structure with quadruplex-specific ligand.  These results suggest that the 
two quadruplex structures (c-kit 1 and c-kit 2) fold independently. 
The wild-type c-kit 2 potential sequence has 1-5-1 loop composition with a parallel-
stranded topology (Bugaut and Balasubramanian, 2008); A11 mutant version of c-kit 2 
was  designed  to  have  3-nt  (TTA)  in  both  the  first  and  third  loop.  It  appears  that 
increasing the length of the first and third loop sequences from one to four dramatically 
enhanced the luciferase expressing compared to the wild-type reporter vector. These 
results suggest that increasing the loop length sequence might drive a conformational 
topology  and  the  stability  of  quadruplex-related  expression  assay.  Previous  study 
reported  that  loop  region  regulated  the  structure  and  stability  of  G-quadruplexes 
structures under molecular crowding conditions (Fujimoto et al., 2009).  
Insertion of 4-bases (at residue -132) between the putative c-kit 2 quadruplex-forming 
sequence  (-140/-165)  and  Sp1  binding  site  (-121/-130)  caused  down-regulation  of 
luciferase activity of the A31 mutant, whereas addition of 6-bp into the same portion 
enhanced luciferase expression of the A21 mutant construct. Recently published results 
revealed that a stable and antiparallel  c-kit quadruplex structure can also be formed 
within  the  polypurine/polypyrimidine  sequence  that  contains  the  SP1  binding  site 
(Raiber  et  al.,  2012).  So,  this  raises  the  possibility  of  whether  insertion  of  a  4  bp 
sequence may provide additional flexibility for driving the guanine-rich tract to form a 
single SP1-quadruplex, or perhaps this new SP1-quadruplex structure could associate 
with  the  neighbouring  c-kit  2  quadruplex-forming  sequence  to  form  consecutive  G-
quadruplex structures. If such a structure is formed, this could also lead to a decrease in 
luciferase activity. In contrast, addition of 6 bp to the original sequence could alter the 
flexibility so as to decrease the quadruplex stability and as a consequence stimulate 
luciferase  activity.  This  suggests  that  sequences  with  different  lengths  in  the  centre 
between two adjacent G-quadruplex structures (c-kit 2 and SP1-quadruplex structures) 
can significantly influenced the promoter activity.  
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To investigate the role of c-kit 1 quadruplex-forming sequence on gene expression, S52 
mutant version of c-kit 1 was designed. We found that the level of luciferase activity 
was significantly increased (2 fold) in HeLa and (2.8 fold) in HCT116 relative to the 
wild-type c-kit reporter construct vector (WWR). One simple explanation for this is the 
introduction‎of‎dual‎G10→T‎and‎G21→A‎point‎mutations‎led‎to‎abolish‎the‎assembly‎
of G-quartets. This disruption led to repress luciferase activity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
82 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
83 
 
Chapter Four 
4  Chemical probing of G-quadruplex formation within the 
core c-kit promoter under negative supercoiling 
4.1  Introduction  
Previous studies have mainly focused on monitoring G-quadruplex formation in single-
stranded G-rich DNAs using different structural and biophysical techniques (Dexheimer 
et al., 2006; Cogoi et al., 2008; Sun et al., 2010). However, unlike the single stranded 
G-rich overhangs in telomeric DNA, the proximal promoter regions of many growth-
related genes are constrained within a duplex, accompanied by the complementary C-
rich strand. Quadruplex formation in these regions may therefore not be so simple. It is 
therefore important to determine the existence of a G-quadruplex structure over the 
Watson-Crick duplex in the presence of its complementary strand. Structural transitions 
of  B-form  (duplex  DNA)  to  non-B-form  (G-quadruplex)  are  naturally  facilitated  by 
several factors including negative superhelical tension. For the quadruplex to form the 
two complementary DNA strands must first separate to allow the single-stranded G-rich 
tract to adopt a G-quadruplex structure.  
4.2  Hypothesis  
The  proximal  -165  bp  promoter  region  of  the  c-kit  proto-oncogene  is  rich  with 
polypurine tracts. Two putative quadruplex- forming sequences  (c-kit 1 and c-kit 2) 
have  been  identified  within  this  region,  which  can  adopt  intramolecular  parallel  G-
quadruplex structures (Fernando et al., 2006; Phan et al., 2007; Hus et al., 2009). The c-
kit  1  G-quadruplex-forming  sequence  is  located  between  -87  and  -109  base  pairs 
upstream  from  the  transcription  initiation  site,  while  the  other  c-kit  2  quadruplex-
forming sequence is found between -121 and -165 base pairs. In genomic DNA, these 
putative  quadruplex-forming  sequences  will  normally  be  base  paired  with  their 
complementary polypyrimidine tracts to generate the duplex DNA structure. Structural 
transitions of B-form DNA to non-B-form DNA structure require local melting, which 
can be facilitated by negative superhelical tension. Once the two complementary DNA 
strands are separated, the single-stranded G-rich tract can then form a G-quadruplex 
structure. The studies described in this chapter examine the possibility of G-quadruplex 
formation within a c-kit promoter reporter construct and elucidate the effect of topology  
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(native  supercoiled  DNA  and  linear  DNA)  on  the  formation  of  these  G-quadruplex 
structures. 
Thus, our aim was to determine the effect of DNA supercoiling on the reaction of the c-
kit promoter (and some variants of the natural sequence) with three chemical probes 
(KMnO4, DEPC and DMS).  
4.3  Basic experimental design 
To identify local structural transitions within the core 165-bp G-rich sequence of the c-
kit  promoter,  a  set  of  chemical  modification  assays  were  performed.  The  general 
protocol for the in vitro reactions with KMnO4, DEPC and DMS is summarized in 
Figure 2.6. These experiments are complex and time consuming and were therefore only 
performed on a selection of the designed reporter vectors with variants of the natural c-
kit sequences. The wild type (WW) vector construct and a set of modified versions 
including WG, GW, GG, SS and GS (Table 4.1) were selected for these experiments. 
Each  construct  contained  165-  base  pairs  of  the  core  promoter  sequence,  inserted 
between the Acc651 and BglII sites of the luciferase reporter pGL3- basic. These were 
probed with the chemical agents under native superhelicity or in linear double-stranded 
forms. After treatment with the chemical reagents the DNA backbone was cleaved by 
treating with piperidine.  
For these experiments, the native supercoiled form, containing the G-rich c-kit inserts, 
was purified by alkaline lysis using Qiagen minipreps. This supercoiled form was then 
incubated in  potassium-containing buffer to  promote the formation  of  G-quadruplex 
structures.  These  were  then  treated  with  the  chemical  reagent,  followed  by  double 
digestion with restriction enzymes to release the insert. These fragments were 3ʹ-end 
radiolabeled, followed by cleavage with 10% piperidine and separating the products by 
denaturing polyacrylamide gel electrophoresis. For experiments with linear DNA the 
core promoter sequence was first released by double digestion with Acc651 and HindIII 
prior to treatment with the chemical reagent (for further details see section 2.3.8). 
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Table ‎ 4.1 Luciferase reporter constructs representing the wild type and the modified versions of core c-kit 
promoter which were used in this work. The red letters show the initial letter of the first and the second 
cassettes 
 
 
4.4  Results 
4.4.1  Chemical modification with KMnO4 
KMnO4 has extensively been used to detect regions of B-DNA that have undergone a 
Watson-Crick base paired disruption (Jiang  et  al., 1991; McCarthy and Rich, 1991; 
Ramaiah et al., 1998; Mitas et al., 1995). Potassium permanganate attacks the C5-C6 
double  bond  of  unpaired  thymines  to  produce  a  thymine  glycol.  Cleavage  at  this 
modified site is then achieved by treatment with hot piperidine (Rubin and Schmid, 
1980). Thymines that are not involved in Watson-Crick base-pairing will therefore be 
sensitive to this reaction. For quadruplex formation this might include those in non-
duplex regions,  such  as 5ʹ- and 3ʹ- flanking regions,  as  well as  any  Ts  in  the loop 
regions. Figure 4.1A shows the results of these experiments performed on the G-tract of 
the wild-type c-kit promoter region (WW reporter construct). To optimize the KMnO4 
reaction two reaction times were tested (1 and 10 min). Looking first at supercoiled 
form of the WW reporter construct (Figure 4.1A, lanes 2 and 3), it can be seen that 
some thymine residues are reactive to KMnO4. These modified bases are mainly located 
at  the  3ʹ  flanking  regions  of  cassette  (2),  and  involve  the  first  wild  type  c-kit  1 
quadruplex-forming sequence before the transcription start site. Most of the modified 
bases are thymine residues and in each case these are located between two cytosine 
residues (Figure 4.1A, lanes 2 and 3, modified bases at positions -3, -42, -57, -66, -73 
and  -80). Two weaker  bands  corresponding to  cytosine  residues  are  also  evident at 
Vector constructs  Cassette (1) 
(c-kit 2) 
Cassette (2) 
(c-kit 1) 
Cassette (3) 
 
WW  Wild type  Wild type  Wild type 
WG  Wild type  G3T  Wild type 
GW  G3T  Wild type  Wild type 
GG  G3T  G3T  Wild type 
SS  Scrambled  Scrambled  Wild type 
GS  G3T  Scrambled  Wild type  
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positions -9 and -47, each of which is located in the sequence CCP (the symbol P refer 
to  purine).  A  thymine  close  to  the  3ʹ-end  also  exhibited  hypersensitivity  to 
permanganate  (position  -3).  In  contrast,  KMnO4  reactivity  within  the  linear  DNA 
fragment  of  the  core  wild-type  promoter  sequence  was  very  weak.  These  results 
revealed that ten minutes reaction with KMnO4 was the best experimental condition and 
this was used in further experiments to probe the structure of other modified versions of 
the reporter construct. 
 
 
Figure ‎ 4.1 Chemical probing of construct WW with KMnO4. (A) KMnO4 modification pattern of the 
wild type core promoter region of c-kit gene (WW construct). (B) Sequence of the G-rich core c-kit 
promoter region from -165 to -1. The sequences are numbered according to the transcription initiation 
site, the position of c-kit 1 and 2 quadruplex-forming sites are boxed. The red bases indicate the residues 
that are modified by KMnO4 in the supercoiled DNA, which are also indicated by the numbered red 
triangles in A. Lane 1 correspond to a GA-marker lane. Lanes 2 and 3 represent supercoiled DNA. Lanes 
4‎and‎5‎represent‎the‎reaction‎with‎linear‎DNA.‎The‎DNA‎is‎labelled‎at‎the‎3ʹ‎end,‎so‎that‎the‎gel‎runs‎
from‎3’-5’‎bottom‎to‎top.‎ 
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Similar experiments were performed with the supercoiled and linear forms of the WG 
reporter construct (carrying four repeats of G3T within cassette 2). The sequence (G3T)4 
is known to adopt a very stable quadruplex structure (Krishnan-Ghosh et al., 2004; 
Phillip et al., 2007c) and we were therefore interested to examine the susceptibility of 
this region to reaction with KMnO4. The results of this experiment are shown in Figure 
4.2A. As can be seen, thymine residues in the supercoiled plasmid are more sensitive to 
reaction with KMnO4 than in the linear fragment. The reactivity of thymine residues to 
KMnO4 is greatest in the centre as well as on the 3ʹ- side of cassette (2) (containing the 
(G3T)4 sequence) and this is only evident in the supercoiled and not the linear DNA 
samples  (Figure 4.2A, lanes 2 and 3, modified bases at positions -42, -57, -66, -73, -80 
and -86). Examination of Figure 4.2A, lane 3 shows modified bases at positions -95, -99 
and -103, which correspond to the three thymine residues within the (G3T)4 region. A 
single‎hypersensitive‎site‎is‎also‎evident‎at‎the‎5ʹ-(upper) side close to cassette (1) [in 
the c-kit 2 wild  type region]  at  position  -124.  All  these reactive bases are thymine 
residues  and  those  at  positions  -73  and  -86  are  especially  strongly  enhanced.  No 
significant reactivity towards KMnO4 was observed at any position in the linear DNA 
(Figure 4.2A, lanes 4 and 5). 
 
 
  
88 
 
 
Figure ‎ 4.2 Chemical probing of construct WG with KMnO4. (A) KMnO4 modification pattern with the 
WG construct. (B) Sequences of the G-rich core c-kit promoter region from -165 to -1. The sequences are 
numbered according to the transcription initiation site, the position of c-kit 1 and 2 quadruplex-forming 
sites are boxed. The red bases indicate the residues that are modified by KMnO4 in the supercoiled DNA, 
which are also indicated by the numbered red triangles in A. Lane 1 correspond to a GA-marker lane. 
Lanes 2 and 3 represent supercoiled DNA. Lanes 4 and 5 represent the reaction with linear DNA. The 
DNA‎is‎labeled‎at‎the‎3ʹ‎end,‎so‎that‎the‎gel‎runs‎from‎3’-5’‎bottom‎to‎top.‎ 
 
Similar experiments were performed with construct GW, in which the wild type c-kit 2 
quadruplex-forming sequence was replaced with a (G3T)4 tract. The KMnO4 reactivity 
results with this construct are presented in Figure 4.3A. Looking at lane 2 it can be seen 
that the reactivity pattern with supercoiled DNA is similar to that seen with the WW 
construct  (Figure  4.1).  As  we  previously  observed,  most  of  the  modified  bases 
correspond to thymine residues, with the exception of cytosines located at the 3ʹ- side of 
the  wild  type  c-kit  1  quadruplex-forming  sequence  (positions  -47  and  -76),  in  the 
sequence CCG. This is similar to the pattern of reactivity seen with the WW construct. 
No significant reactivity to KMnO4 is observed with the linear DNA fragment (Figure 
4.3A, lane 3).   
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Figure ‎ 4.3 Chemical probing of constructs GW with KMnO4. (A) KMnO4 modification pattern of the 
GW construct. (B) Sequences of the G-rich core c-kit promoter region from -165 to -1. The sequences are 
numbered according to the transcription initiation site; the positions of c-kit 1 and 2 quadruplex-forming 
sites are boxed. The red bases indicate the residues that are modified by KMnO4 in supercoiled DNA, 
which are also indicated by the red triangles in A. Lane 1 shows a GA-marker. Lane 2 represents reaction 
with supercoiled DNA, while Lanes 3 represent reaction with linear DNA.   
 
 
Further  experiments  with  the  GG  construct  are  shown  in  Figure  4.4A,  B.  In  this 
construct both the c-kit 1 and c-kit 2 quadruplex-forming sites were replaced with the 
sequence (G3T)4. As shown in Figure 4.4A the pattern of permanganate reactivity with 
the GG construct is similar to that with the WG construct (Figure 4.2A) pattern. Several 
thymines‎in‎the‎region‎3ʹ‎(below)‎the (G3T)4 sequence in cassette (2) are susceptible to 
oxidation by permanganate (positions -42, -47, -57, -64, -66, -73, -76, -80 and -83). 
Other bands are evident at thymines at positions -113 and -120, toward the 5ʹ‎end‎of‎the‎
fragment. A modified site is also observed near the bottom of the gel, corresponded to a 
cytosine residue at position -9. No reactivity to KMnO4 is observed in the linear DNA 
(Figure 4.4A, lane 3). 
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Figure ‎ 4.4 Chemical probing of constructs GG with KMnO4. (A) KMnO4 modification pattern of the GG 
construct. (B) Sequences of the G-rich core c-kit promoter region from -165 to -1. The sequences are 
numbered according to the transcription initiation site; the positions of c-kit 1 and 2 quadruplex-forming 
sites are boxed. The red bases indicate the residues that are modified by KMnO4 in supercoiled DNA, 
which are also indicated by the red triangles in A. Lane 1 shows a GA-marker. Lane 2 represents reaction 
with supercoiled DNA, while Lanes 3 represent reaction with linear DNA.   
 
Figure 4.5A,B shows the results of similar experiments with the SS construct. In this 
fragment both the G-rich sequences of c-kit1 and c-kit2 have been scrambled so as to 
prevent quadruplex formation. The cleavage pattern (Figure 4.5A, lane 2) shows some 
reactivity to potassium permanganate within cassette 2 as well in its 3ʹ flanking region 
(positions -42, -47, -57, -66, -73, -76, -80,  -93, -102, -113 and -117). Interestingly, 
several of these sites correspond to cytosine residues (positions -9, -47, -76, -93, -102, -
113 and -117). These cytosines were often in the sequence context CCP (symbol P refer 
to purine base), though those at positions -117 and -113, correspond to GCP (symbol P 
refer to purine base). In this instance similar reactive sites were obtained with the linear  
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DNA fragment. Since these changes are not supercoil dependent they must reflect an 
intrinsic property of the DNA sequence itself. 
 
 
Figure ‎ 4.5 Chemical probing of constructs SS with KMnO4. (A) KMnO4 modification pattern of the SS 
construct. (B) Sequences of the G-rich core c-kit promoter region from -165 to -1. The sequences are 
numbered according to the transcription initiation site; the positions of c-kit 1 and 2 quadruplex-forming 
sites are boxed. The red bases indicate the residues that are modified by KMnO4 in supercoiled DNA, 
which are also indicated by the red triangles in A. Lane 1 shows a GA-marker. Lane 2 represents reaction 
with supercoiled DNA, while Lanes 3 represent reaction with linear DNA.   
 
The final sequence tested with KMnO4 was the GS construct. Although we initially 
thought that this reporter construct contained the full length 165-bp modified version of 
core c-kit region, on re-sequencing it was found to be shorter than expected. A (16-bp) 
sequences  were  missed  between  (-32/-49)  position  including  (5ʼ-
CCGCGCTCGCTGCACT- 3ʼ) and the DNA sequencing results revealed a single point 
mutation cytosine to guanine at the position -70.The results of KMnO4 modification are 
shown in Figure 4.6A. Several bands of strong permanganate reactivity can be with the 
supercoiled DNA, which are located at thymine as well as cytosine residues (positions - 
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9, -57, -66, -73, -80, -102, -115 and -120). Weak reactivity was observed near the centre 
of  scrambled  c-kit  1  (positions  -93  and  -99)  and  at  position  -76.  Only  very  weak 
reaction is evident with linear DNA (Figure 4.6A, lane 3). It is interesting to note that 
the KMnO4 reactivity pattern of this construct vector is similar to that seen within the 
SS construct. Most of these thymines were located between two cytosines, except for 
the one at the centre of the scrambled c-kit 1, which is found in the sequence CTG 
(position -99).  
 
 
Figure ‎ 4.6 Chemical probing of constructs GS with KMnO4. (A) KMnO4 modification pattern of the GS 
construct. (B) Sequences of the G-rich core c-kit promoter region from -165 to -1. The sequences are 
numbered according to the transcription initiation site; the positions of c-kit 1 and 2 quadruplex-forming 
sites are boxed. The red bases indicate the residues that are modified by KMnO4 in supercoiled DNA, 
which are also indicated by the red triangles in A. Lane 1 shows a GA-marker. Lane 2 represents reaction 
with supercoiled DNA, while Lanes 3 represent reaction with linear DNA.   
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4.4.2  Diethyl pyrocarbonate modification 
The reaction with diethylpyrocarbonate (DEPC) was also used to investigate the effect 
of  negative  supercoiling  on  DNA  structure  in  these  G-tracts.  It  is  well  known  that 
diethylpyrocarbonate reacts at N7 of purines (especially adenine > guanine) and shows 
much greater activity against single-stranded and exposed bases than towards double-
stranded DNA. Carboxyethylation at N7 generates a ring-opened product, which can be 
detected by piperidine treatment to cleave the DNA backbone at the modified bases. 
Figure 4.7A shows the results with the wild type sequences, in which no reaction is 
evident with both supercoiled and linear DNA.    
This fragment contains relatively few adenines on this labeled strand so, in order to 
confirm  that  the  DEPC  reaction  was  working  properly;  we  examined  the  effect  of 
echinomycin on this fragment. This bifunctional intercalator binds selectively to the 
sequence CpG (Low et al., 1984; Van Dyke and Dervan, 1984) and has previously been 
shown‎to‎produce‎enhanced‎DEPC‎reaction‎at‎adenines‎on‎the‎3’-side of its binding site 
(i.e. CGA) (Fox et al.,1991; Waterloh and Fox, 1991). Echinomycin-induced DEPC 
cleavage patterns for the WW construct are presented in Figure 4.7B. It can be seen that 
echinomycin produces enhanced DEPC reactivity in both supercoiled and linear DNA 
fragments. Adenines in the sequence CGA are found at positions -26, -134 and -148 and 
each of these show enhanced susceptibility to reaction with DEPC. Other enhanced 
bands are also seen at the adenine at positions -8 (CCA), -11 (GGA), -18 (GGA), -35 
(GCA), -92 (GGA), -106 (GGA), -110 (AGA), and -131 (GGA). Enhanced reaction at 
guanine  residues  is  also  evident  at  positions  -54,  -68  and  -118  each  of  which 
corresponds to the sequence CGG. These regions of enhancement correspond to purines 
that‎flank‎echinomycin’s‎primary (CG or secondary (GG) binding sites and confirm that 
the DEPC reaction was working properly. The lack of reaction with the few As in the c-
kit sequence therefore suggests that supercoiling does not generate a structure in which 
these residues are exposed. 
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Figure  ‎ 4.7  DEPC    modification  of  the  wild  type  c-kit  promoter  region  (WW  construct).  (A)  DEPC 
modification of supercoiled (lane 2) and linear (lane 3) DNA. (B) DEPC modification in the presence of 
50 µM echinomycin. Lane 1 shows the GA-tract. Lanes 2 and 3 represent the supercoiled DNA form. 
Lanes 4 and 5 represent linear DNA fragment. The red triangles indicate the positions of enhanced DEPC 
reaction.  (C)  Sequence  of  the  G-rich  core  c-kit  promoter  region  from  -165  to  -1.  The  sequence  is 
numbered according to the transcription initiation site, the position of c-kit 1 and 2 quadruplex-forming 
sites are boxed. The bases highlighted in red indicate the positions of the sites that are reactive in the 
presence of echinomycin.                     
 
 
4.4.3  Dimethylsulphate modification  
The results described above show some evidence for supercoil-induced changes in the 
reaction to KMnO4 in some regions of these c-kit sequences. We therefore extended 
these studies to examine the effect of supercoiling on the reaction with dimethylsulphate 
(DMS). DMS reacts with N7 of guanine, which is involved in Hoogsteen base pairing in 
each  G-quartet.  Quadruplex  formation  is  therefore  known  to  protect  N7  from 
methylation by DMS (Palumbo et al., 2008; Qin et al., 2010). This feature should allow  
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us to distinguish between participant and non-participant guanine residues in the G-
quadruplex formation. DMS reaction was performed on a plasmid construct containing 
the native c-kit promoter sequence (WW) as well as constructs with modified versions 
(WG, GW, GG and SS). Each construct contains 165 base pairs of the core promoter 
sequence  inserted  between  the  Acc651  and  Bgl  II  sites  of  pGL-3  basic.  Before 
considering  the  results  it  is  worth  noting  that  structural  changes  produce  enhanced 
reaction with KMnO4 (and DEPC); it may therefore be possible to detect changes that 
occur in a relatively small fraction of the molecules. In contrast the DMS reaction will 
be protected by quadruplex formation and so a greater fraction of molecules may be 
required before any changes in reactivity can be detected. 
The DMS cleavage pattern of the WW reporter construct is shown in Figure 4.8A. It can 
be  seen  that  all  the  guanines  within  the  c-kit  1  quadruplex-forming  region  are 
methylated and cleaved by piperidine (Figure 4.8A, lane 2, identified by the bracket 
within cassette (2) region). This suggests that the four runs of three guanines within c-
kit 1 are not engaged in a quadruplex structure for a significant amount of time. Due to 
the‎inability‎to‎clearly‎resolve‎individual‎bands‎close‎to‎the‎top‎(5’)‎of‎the‎165‎bp‎core‎
c-kit region, it is not possible to accurately assess DMS protection within the c-kit 2 
quadruplex-forming region. However significant DMS modification is evident in this 
region in both the linear and supercoiled DNA samples (Figure 4.8A, lanes 2 and 3). 
Looking closely at the DMS cleavage pattern it can be seen that some guanines are 
relatively less reactive towards DMS (positions -37, -40, -49, -54, -68, -71, -75, -78, -82 
and -85) than other surrounding Gs. Since these bands of reduced intensity are evident 
in both the supercoiled and linear DNA samples this is unlikely to be due to large 
changes  in  DNA  structure,  but  will  reflect  local  sequence-dependent  structural 
variations.  
These experiments were repeated with other modified c-kit constructs to assess how it 
might be affected by the inclusion of more stable quadruplex-forming sequences.   
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Figure ‎ 4.8 DMS footprinting of the WW construct (A) DMS modification patterns of the wild type c-kit 
promoter region (WW construct). The numbering corresponds to the sequence shown in panel B. Lane 1 
is a GA marker. Lane 2 represents the reaction with supercoiled DNA, while lane 3 represents reaction 
with the linear DNA fragment. (B) Sequence of the G-rich core c-kit promoter region from -165 to -1, this 
is numbered from the transcription initiation site and the position of c-kit 1 and 2 quadruplex-forming 
sites are boxed. The green underlined bases indicate guanine residues that show weaker modification by 
DMS. (C) Densitometer tracings corresponding to lane 2 and 3 from panel A. The green line corresponds 
to the‎line‎shown‎alongside‎panel‎A.‎The‎trace‎runs‎5’- to‎3’- from left to right, corresponding to top to 
bottom of the gel, and the numbering correspond to the sequence shown in panel B.   
 
 
The results of DMS footprinting with the WG construct are shown in Figure 4.9. In this 
construct  the  native  c-kit  1  quadruplex-forming  region  has  been  replaced  with  four 
repeats  of  G3T,  a  sequence  that  is  known  to  form  a  very  stable  intramolecular 
quadruplex. The results show that in the supercoiled DNA Gs in the 3ʹ- (lower) half of 
the (G3T)4  tract are efficiently methylated and have similar intensities to those in other 
parts of the fragment  (such as  around positions  -60/-63). However bands  in  the 5ʹ-  
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(upper) half of this tract are much weaker (identified by the green arrows in Figure 
4.9A).‎The‎bands‎corresponding‎to‎Gs‎immediately‎above‎(5’-) this tract also have a 
lower intensity. The bands within the c-kit 2 quadruplex-forming sequence (wild type) 
are not resolved at single base resolution, but are much darker than those in the upper 
part of the (G3T)4 tract in the 5ʹ- side, suggesting that this c-kit 2 region does not adopt a 
quadruplex  structure.  Interestingly  the  bands  corresponding  to  guanine  residues  at 
positions -54, -59 and -68 are relatively weak compared with most other bands in the 
sequence, in both the linear and supercoiled DNA fragments.  
 
 
Figure ‎ 4.9 DMS footprinting with the WG construct. (A) DMS methylation pattern derived from the WG 
reporter construct. The numbering corresponds to the sequence shown in panel B. Lane 1 shows a GA-
marker  tract.  Lane  2  represents  DMS  modification  of  supercoiled  DNA,  while  Lane  3  represents 
modification of the linear DNA fragment. (B) Sequence of the G-rich core c-kit promoter region in WG 
from -165 to -1. The sequence is numbered from the transcription initiation site; the positions of the c-kit 
1 and 2 quadruplex-forming sites are boxed. The bases underlined in green indicate the regions in which 
the guanine residues are slightly less reactive. (C) Densitometer traces corresponding to lanes 2 and 3 
from panel A. The green line shows the same region of interest.    
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Similar experiments with DMS were performed on GW construct, which contains four 
repeats of G3T in place of the core c-kit 2 quadruplex-forming sequence. The results are 
shown in Figure 4.10. It can be seen that there is no difference in the intensity of the 
bands between the supercoiled and linear DNA fragments in the region of the c-kit 1 
and c-kit 2 sequences. However, bands‎in‎the‎centre‎of‎the‎gel,‎3’‎(below)‎the‎c-kit 1 
sequence show reduced intensity relative to all the other Gs in the rest of the fragment. 
This is most evident at positions -37, -40, -49, -54, (compare lane 2 with lane 3).  
 
 
Figure ‎ 4.10 DMS footprinting of the GW construct. (A) DMS methylation pattern derived from the GW 
construct. The numbering corresponds to the sequence show in panel B. Lane 1 shows a GA-marker lane. 
Lane 2 represents DMS modification of supercoiled DNA, while Lane 3 represents modification of the 
linear DNA fragment. (B) Sequence of the G-rich core c-kit promoter region in GW from -165 to -1. The 
sequence is numbered from the transcription initiation site; the positions of the c-kit 1 and 2 quadruplex-
forming regions are boxed. The bases underlined in green indicate regions in which the guanine residues 
are less reactive to DMS. (C) Densitometer traces corresponding to lanes 2 and 3 from panel A. The 
green line shows the same region of interest.    
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Since the WG and GW reporter constructs give different methylation patterns we also 
examined DMS modification of the construct GG, in which both the native c-kit 1 and 
c-kit 2 quadruplex regions are replaced with four repeats of G3T.  The results with the 
supercoiled  and  linear  GG  reporter  construct  are  shown  in  Figure  4.11A.  The 
methylation patter is very similar for the supercoiled and linear DNA though, as noted 
with construct GG, the upper two G3 tracts in the c-kit 1 region have reduced intensity 
in  the  supercoiled  DNA  (Lane  2)  than  the  linear  (lane  3).  The  pattern  of  weaker 
intensity bands at positions -49, -54, -68, -71, -75, -78, -82 and -85 is similar to that 
observed with other constructs and is evident with both supercoiled and linear DNA.  
 
 
Figure ‎ 4.11 DMS footprinting of the GG construct (A) DMS methylation pattern of the GG construct. 
The  numbering  corresponds  to  the  sequence  show  in  panel  B.  Lane  1  shows  a  GA-marker.  Lane  2 
represents DMS modification of supercoiled DNA, while Lane 3 represents modification of the linear 
DNA fragment. (B) Sequence of the G-rich core c-kit promoter region in construct GG from -165 to -1. 
The  sequence  is  numbered  from  the  transcription  initiation  site;  the  positions  of  the  c-kit  1  and  2 
quadruplex-forming sites are boxed. The bases underlined in green indicate regions in which guanine 
residues are less reactive to DMS. (C) Densitometer traces corresponding to lane 2 and 3 from panel A. 
The green line shows the same region of interest.    
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The  SS  reporter  construct  was  employed  as  a  negative  control  as  it  should  not  be 
capable of forming a quadruplex structure in either of the c-kit 1 and c-kit 2 regions. The 
results of this experiment are shown in Figure 4.12. It can be seen that the pattern of 
DMS modification is identical in the supercoiled and linear DNA fragments. Once again 
some of the G-bands are fainter (especially at positions -49, -54, -68), but this is noted 
in both the supercoiled and linaer DNA.  
The probing experiments were repeated several times and the patterns always gave the 
same results. Thus, the results of the DMS cleavage patterns of WG, GW, GG and SS 
suggest that G-quadruplex formation in c-kit 1 and c-kit 2 does not played a key role, 
though some deviations from non-B-DNA structures may be present, some of which are 
affected by supercoiling.  
 
Figure ‎ 4.12 DMS footprinting of the SS construct. (A) DMS methylation pattern of the SS construct. The 
numbering  corresponding  to  the  sequence  show  in  panel  B.  Lane  1  shows  a  GA-marker.  Lane  2 
represents DMS modification of supercoiled DNA form, while lane 3 represents modification of the linear 
DNA. (B) Sequence of the G-rich core c-kit promoter region in construct SS from -165 to -1 is shown. 
The sequence is numbered from the transcription initiation site; the positions of c-kit 1 and 2 quadruplex-
forming sites are boxed. The bases underlined in green indicated regions in which guanine residues are 
less reactive to DMS. (C) Densitometer tracings corresponding to lane 2 and 3 from panel A. The green 
line shows the same region of interest.    
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4.5  Discussion  
The  proximal  promoter  region  of  many  genes  that  are  involved  in  signal-regulated 
cellular  pathways  is  rich  in  guanine  residues  which  have  the  potential  to  adopt  G-
quadruplex structures. Among the best-studied models of these putative G-quadruplex-
forming  sequences  is  the  promoter  region  of  c-kit  proto-oncogene.  This  proximal 
promoter sequence was of interest for this study because it has previously been shown 
to contain two putative quadruplex-forming sequences (c-kit 1 and c-kit 2) upstream of 
the  transcription  start  point  and  the  structures  of  quadruplexes  formed  by  synthetic 
oligonucleotides containing these sequences have been determined (Rankin et al., 2005; 
Fernando  et  al.,  2006;  Phan  et  al.,  2007).  Recently,  in  vitro  DMS  footprinting  has 
revealed  evidence  for  the  existence  of  G-quadruplex  structures  in  supercoiled  DNA 
plasmids  containing  the  proximal  G-rich  promoter  region  of  the  c-Myc,  VEGF  and 
PDGFR-β  oncogenes  (Sun  and  Hurley,  2009;  Qin  et  al.,  2010;  Sun  et  al.,  2010). 
Onyshchenko et al. (2009) have also shown that invading the C-rich strand of BCL2 
promoter  in  supercoiled  plasmid  with  short  PNA  oligomers  induces  G-quadruplex 
formation in the complementary G-rich strand (Onyshchenko et al., 2009). There are no 
published results on whether the c-kit 1 and 2 quadruplex structures can be formed in 
double-stranded DNA when incorporated into a supercoiled DNA plasmid. To mimic 
the intracellular equilibrium between duplex and G-quadruplex formation it is important 
to include the 3ʹ- and 5ʹ- flanking sequences, which may alter the dynamic equilibrium. 
The results reported in this Chapter examined the possibility of G-quadruplex formation 
within  long  double-stranded  c-kit  promoter  reporter  constructs  using  chemical 
modification assays. Our aim was to elucidate the impact of DNA topology (supercoiled 
or linear DNA) on the formation of these structures. For this study, we used the wild 
type G-rich c-kit promoter region and modified versions of this, cloned into the pGL3-
reporter  vector,  to  assess  the  effect  of  supercoiling  on  the  local  DNA  structure, 
comparing this with the chemical reactivity of linearized versions of the same plasmid. 
For these chemical probing experiments we used the reactions with KMnO4 and DEPC. 
These reagents are especially useful as they are selective for single-stranded DNA and 
are much less reactive with duplex DNA. Moreover, these small molecules have been 
widely used to probe the formation of non-B-DNA structures such as Z-DNA (Herr, 
1985; Jiang et al., 1991), triplex H-DNA (Shimizu et al., 1989) and i-motif (Sun and  
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Hurley,  2009)  in  supercoiled  plasmids.  In  addition,  KMnO4  is  less  hazardous  than 
alternative agents like (OsO4) osmium tetroxide (Bui  et al., 2003). It has also been 
commonly  used  as  a  sensitive  oxidation  agent  to  quantify  thymine  dimers  in  UV-
irradiated DNA (Ramaiah et al., 1998).  
Although we expected to see hyperreactivity of pyrimidine residues to KMnO4 in the 
centre of the quadruplex-forming site or at the 3ʹ‎and‎5ʹ-junctions with the flanking 
regions, the results in this Chapter show that the positions most accessible to KMnO4 
were  found  on  the  3ʹ-side  of  the  putative  c-kit  1  quadruplex-forming  sequence, 
suggesting  that  this  region  had  undergone  a  local  structural  change.  These  KMnO4 
oxidation results are similar for all the examined constructs, in which certain thymines 
flanked on each side by cytosine residues (at positions -57, -66, -73 and -80) become 
more reactive to KMnO4 under native supercoiling than in linear DNA. This suggests 
that supercoiling has a direct effect on the DNA base pairing in these local regions. 
These results are in agreement with results recently reported by Sun and Hurley (2009). 
We also observed unexpected hyperreactivity to KMnO4 at positions -9, -42 and -47; 
this may be due to partial unwinding of the duplex. Additional studies will be required 
to understand the dynamic nature of this region. Thymine residues at positions -73 and -
86 react more strongly with KMnO4 than other modified thymines (Figure 4.2A). Since, 
it is well known that KMnO4 reacts by out-of-plane attack on the C5 and C6 double 
bond  of  pyrimidines;  this  suggests  that  these  positions  exhibit  an  unusual 
conformational change. It is important to note that when we destabilized the putative c-
kit  1  quadruplex-forming  sequences  by  replacing  several  guanines  with  cytosine 
residues (SS and GS constructs) a different pattern of hyperreactivity is observed within 
the scrambled region.  Several  hyperreactive cytosines are located within the  c-kit 1 
scrambled sequence under both supercoiled and linear conditions (Figures 4.5A and 
4.6A). However, those cytosines are inaccessible to KMnO4 with the reporter constructs 
containing the wild-type c-kit 1 quadruplex-forming sequence or it modified version 
with a (G3T)4 tract. These data with KMnO4 show clear reactivity at thymines that are 
located between cytosine residues, while there  is  no cleavage at adjacent  thymines. 
Suggesting that, the geometric arrangement and position of the base plays a role in 
enhancing the‎rate‎of‎oxidation‎by‎KMnO4.‎Some‎bases‎on‎the‎3’-side of the c-kit 1 
quadruplex-forming sequence showed slight reactivity to KMnO4 even under linearized 
conditions (Figures 4.2A, 4.5A and 4.6A).   
103 
 
To support the KMnO4 probing data we used DEPC as an alternative chemical probe for 
detecting distortions in the structure of duplex DNA. Diethylpyrocarbonate modifies the 
N7 position of purines, mainly adenine (A > G) in single stranded DNA and in syn 
conformation as in left-handed Z-DNA; it has little or no reaction with standard right-
handed  B-DNA.  No  DEPC  reactive  sites  were  observed  within  the  wild  type  c-kit 
promoter  sequences  under  supercoiled  conditions.  This  result  with  DEPC  is  in 
agreement  with  the  results  reported  by  Onyshchenko  et  al.  (2009)  (supplementary 
Figure S2) in which no significant cleavage was observed when the G-rich sequence of 
the BCL2 promoter was probed with DEPC under negative supercoiling. Our results 
showed that echinomycin was able to induce hyperreactivity of DEPC to purines and 
these  are  in  agreement  with  several  previous  studies  which  examined  drug-induced 
structural changes in DNA (Fox and Kentebe, 1990; Waterloh and Fox, 1991). When 
we combine these results with the KMnO4 data it is clear that the original core c-kit 
promoter  sequences  and  their  modified  versions  do  not  undergo  transitions  to 
quadruplex structures. 
DMS methylation assays can be used to detect guanine residues that participate in G-
quartet formation, due to protection of the N7 position of guanine from methylation. 
This provides direct data to identify those guanines that are involved in G-quadruplexes. 
The  DMS  footprinting  assays  were  therefore  used  to  assess  whether  quadruplex 
structures can be formed in the original double-stranded c-kit promoter sequences under 
supercoiled conditions. The results in this Chapter show a clear methylation pattern 
within the wild type c-kit quadruplex-forming sequences, suggesting that there is no 
evidence  for  the  existence  of  G-quadruplexes  in  this  region.  It  has  previously  been 
shown that, even with the BCL2 guanine-rich promoter sequences, it is difficult to probe 
G-quadruplex formation using the DMS footprinting assay (Onyshchenko et al., 2009). 
Our results show that in the context of duplex flanking sequences the equilibrium at 
these quadruplex-forming sites is driven towards duplex formation. Other studies have 
reported  the  possibility  of  i-motif  formation  within  the  C-rich  strand  under 
physiological conditions (Guo et al., 2008; Sun and Hurley, 2009). If this is the case, 
then  further  work  with  the  c-kit  sequences  will  be  required  to  examine  i-motif 
formation,  though  it  is  difficult  to  envisage  i-motif  formation  without  expecting  G-
quadruplex formation on the complementary strand.    
It  is  worth  noting  that  DMS  footprinting  will  only  be  able  to  detect  quadruplex 
formation if this occurs in a large proportion of the molecules for a significant length of  
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time. If, for instance, only 10% of the molecules are in a quadruplex conformation, then 
this  would  at  best  only  lead  to  a  10%  reduction  in  the  relative  intensity  of  these 
guanines, which would not be sufficient to produce a significant change in the banding 
pattern. In contrast agents which produce enhanced cleavage (such as KMnO4 or DEPC) 
may be able to detect much lower quantities of altered DNA structures. 
Although the wild type c-kit sequence did not show evidence of quadruplex formation 
we exchanged each of the potential quadruplex-forming sequences with (G3T)4, which 
is known to form a very stable quadruplex with synthetic oligonucleotides. As shown in 
Figure 4.2A, the 3ʹ- half of the four repeats of G3T was full methylated whereas the 5ʹ- 
half were partially protected from DMS. This pattern of protection does not match that 
of quadruplex formation, though it might be explained by the formation a partial or 
unstable quadruplex structure, or more likely a different duplex conformation.  
The DMS results presented here showed that the G-rich sequences adjacent to 3ʹ-end of 
the  c-kit  1  quadruplex  sequence  showed  reduced  reaction  with  DMS  in  all  six 
constructs. This suggests that these flanking regions exhibit a non-standard duplex DNA 
structure. Combining the KMnO4 and DMS chemical probing data, our results indicate 
that the second quarter of the G-rich strand may be involved in the assembly of an 
alternative  secondary  structure.  A  summary  of  the  results  for  KMnO4  and  DMS 
footprinting experiments is shown in Figure (4.13).  
 
Figure ‎ 4.13 Summary of the KMnO4 and DMS results. Sequence of the G-rich core c-kit promoter region 
in construct WW from -165 to -1 is shown. The sequence is numbered from the transcription initiation  
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site; the positions of c-kit 1 and 2 quadruplex-forming sites are boxed. The red bases indicate the residues 
that are modified by KMnO4, while the bases underlined in green indicated position in which guanine 
residues are less reactive to DMS. 
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Chapter Five 
5  Probing local structural transitions within the core c-kit 
promoter using two dimensional gel electrophoresis 
5.1  Introduction  
Genomic DNA usually exists as a Watson-Crick double helix structure, but it can adopt 
number of sequences-specific structures such as the guanine-quadruplex, which is the 
focus of this thesis. The dynamic equilibrium between the classical DNA double helix 
and  these  alternative  DNA  structures  is  controlled  by  several  factors  including  the 
topological  state  of  DNA,  the  nucleotide  sequence,  DNA  binding  proteins,  and 
environmental/ionic conditions. Thus, it is important to know whether DNA topology 
can  affect  any  local  DNA  structural  transitions  within  putative  quadruplex-forming 
sequences. A number of techniques have been developed that can probe these structural 
transitions in vitro and this chapter uses two-dimensional electrophoresis to examine 
these transitions in circular DNA using mixed populations of DNA topoisomers. 
5.2  Hypothesis 
The  165  bp  G-rich  core  promoter  region  of  the  c-kit  proto-oncogene  contains  two 
putative G-quadruplex-forming sequences. In vitro, synthetic oligonucleotide sequences 
related  to  these  polypurine  tracts  easily  adopt  stable  G-quadruplexes  under 
physiological-like conditions. However, the situation in vivo may be different because 
the DNA may be topologically constrained and under negative supercoiling. Structural 
transitions from B-form DNA to non-B-form DNA caused changes in twist leading to 
alterations in the number of superhelical turns. This change can be identified by changes 
in the electrophoretic mobility of DNA topoisomers in agarose gels. The aim of this 
chapter is to assess any topology-dependent structural transitions in the c-kit promoter 
and some of its modified versions. 
5.3  Basic experimental design 
To  detect  the  formation  of  guanine-four-stranded  DNA  structures  under  different 
degrees  of  supercoiling,  two-dimensional  gel  electrophoresis  was  performed.  In  this 
study the empty pGL3-basic vector was used as a control and a set of vector constructs 
including  WW,  SS,  GG,  WG  and  GW  were  selected  to  test  the  effect  of  negative 
supercoiling on any conformational transitions. The native supercoiled form, containing  
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the G-rich c-kit inserts, was purified by alkaline lysis using Qiagen minipreps from 
exponentially growing cells. The supercoiled form was then incubated with wheat germ 
topoisomerase  I  in  the  presence  of  different  concentrations  of  ethidium  bromide  to 
generate  a  complete  set  of  topoisomer  distributions  for  each  plasmid  construct  (see 
section 2.3.9.1). These were then precipitated with ethanol to remove the enzyme and 
intercalating reagent. Mixtures of different topoisomer distributions were prepared and 
electrophoresed from a single well at the top corner of agarose gel in the absence of 
intercalating  agent.  After  electrophoresis,  the  gel  was  soaked  in  the  running  buffer 
supplemented with the intercalating compound chloroquine, to relax the supercoils. The 
gel was then rotated through 90° and electrophoresed in the second dimension with the 
same concentration of chloroquine in the running buffer to separate all the topoisomer 
species. Finally, the gel was stained and photographed (see section 2.3.9.2). 
5.4  Results 
Throughout  these  experiments  the  concentration  of  potassium  was  kept  constant  at 
10mM in the gel and running buffer, while the mixture of topoisomers was incubated 
overnight at 37°C in the presence of 150 mM potassium.  
For these experiments, mixtures of DNA topoisomer distributions were prepared for the 
wild type c-kit (construct vector WW), and incubated overnight in potassium-containing 
buffer to promote the formation of G-quadruplex structures, prior to 2D electrophoresis. 
Figure 5.1 shows the pattern obtained from  the two-dimensional  gel  electrophoresis 
with  this  WW  construct  plasmid.  The  electrophoretic  mobility  of  these  topoisomer 
populations shows an unusual and distinct pattern (Figure 5.1), with three topoisomer 
profiles apparent in the gel (spots profiles numbered 1, 2, and 3).   
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Figure ‎ 5.1 Two-dimensional agarose gel electrophoresis of mixtures of topoisomers of the WW plasmid 
construct. The directions of the electrophoresis are indicated (from top to bottom for the first dimension 
and from left to right for the second dimension. The positions of nicked (N) and linear (L) DNA are 
indicated. The first dimension was run in the absence of the intercalating agent. The gel was then soaked 
in 2 µg/ml chloroquine before electrophoresis in the second dimension. The upper and lower panels on 
the right show zooms of the regions of interest on the left panel of the 2D-gel image. 
 
 
The above result was  unexpected and unlike any other published examples  of two-
dimensional  electrophoresis  of  supercoiled  DNA  plasmids.  Each  one  of  the  three 
profiles  is  not  unusual,  and  shows  no  evidence  of  supercoil-dependent  structural 
transitions. However the presence of three profiles with a single type of plasmid is most 
unusual and seems to suggest the formation of monomers, dimers and trimers of the 
plasmid. To confirm the unusual nature of this topoisomer pattern these results were 
compared with similar experiments using the empty vector pGL3 basic, lacking the G-
rich c-kit promoter sequences. The results of this experiment, performed under identical 
conditions,  are  shown  in  Figure  5.2  (left  panel).  This  shows  the  expected  single 
topoisomer  profile  pattern  under  identical  experimental  conditions.  The  other  two 
topoisomer profiles (2 and 3) are not apparent, confirming that these are specific for the  
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c-kit WW sequence. Each spot (except nicked circular and linear spots) represents a 
topoisomer that differs from the adjacent one by one linking number. The pattern of 
topoisomer  spots  appears  as  a  smooth  curve,  and  is  similar  to  2D  gel  patterns  for 
plasmids  that  do  not  undergo  structural  transitions.  We  therefore  conclude  that  the 
appearance of topoisomer profiles 2 and 3 in construct WW is a function of this insert 
and not a gel artefact. 
Similar experiments were performed with the SS plasmid construct, in which both the 
G-rich sequences of c-kit1 and c-kit2 have been scrambled so as to prevent quadruplex 
formation. The result is shown in Figure 5.2 (right hand panel) and shows a typical 
single topoisomer profile. Faint topoisomer profiles are also apparent in the central part 
of the gel which are similar to topoisomer profiles 2 and 3 seen with the WW construct.   
 
 
Figure ‎ 5.2 Two-dimensional agarose gel electrophoresis of topoisomers for the empty pGL3 basic (left) 
and SS construct vector (right). The directions of the electrophoresis indicated and are from top to bottom 
for the first dimension and from left to right for the second dimension. The positions of nicked (N) and 
linear (L) DNA are indicated. The 1% agarose gel was run in the first dimension in the absence of an 
intercalating agent. The gel was then soaked in 2 µg/ml chloroquine before electrophoresis in the second 
dimension. 
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The same experiments were performed with construct plasmid GG, in which both the c-
kit 1 and c-kit 2 quadruplex-forming sites are replaced with the sequence (G3T)4. With 
this  construct  these  G-rich  blocks  have  the  greatest  potential  to  adopt  stable  G-
quadruplex-structures. The results with this GG plasmid construct are shown in Figure 
5.3 and again show the unusual pattern of three profiles as seen with construct WW. 
The  right  hand  panels  of  this  Figure  shows  zooms  of  profiles  1,  2  and  3.  Close 
inspection of the middle series of spots (profile 2) reveals that this is actually composed 
of  two  profiles  (indicated  by  the  arrows  in  the  upper  right-hand  panel).  These 
experiments  were  repeated  several  times  under  identical  conditions,  with  different 
plasmid preparations and consistently showed the same pattern of bands; an example of 
such a repeat experiment is shown in Figure 5.4, which shows slightly better separation 
of the bands. The possible identity of these different species will be considered later, but 
it is worth noting that there are twice as many topoisomer spots in both parts of profile 2 
as for profiles 1 and 3 (Figure 5.4, upper-right hand panel). 
 
Figure ‎ 5.3 Two-dimensional agarose gel electrophoresis of topoisomers for the GG plasmid construct. 
The directions of electrophoresis are shown and are from top to bottom for the first dimension and from 
left to right for the second dimension. The positions of the nicked (N) and linear (L) DNA are indicated. 
The 1% agarose gel was run in the first dimension in the absence of an intercalating agent. The gel was 
then  soaked  in  2  µg/ml  chloroquine  before  electrophoresis  in  the  second  dimension.  The  right-hand 
panels zoom in on the regions of interest on the left panel of the 2D-gel image. The arrows indicate the 
two topoisomer profiles that are seen with the central profile 2.   
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Figure ‎ 5.4 Two-dimensional agarose gel electrophoresis of topoisomers for the GG plasmid construct 
(repeat experiment). The direction of electrophoresis is indicated and is from top to bottom for the first 
dimension and from left to right for the second dimension. The positions of the nicked (N) and linear (L) 
DNA are indicated. The 1% agarose gel was run in the first dimension in the absence of an intercalating 
agent. The gel was then soaked in 2 µg/ml chloroquine before electrophoresis in the second dimension. 
The right-hand panels zoom in on the regions of interest from the left hand panel. The arrows indicate the 
two topoisomer profiles that are seen with the central profile 2.   
 
To investigate whether these topoisomer patterns are caused by potassium-stabilized 
assembly of G-quadruplex structures, the same 2D gel electrophoresis experiments were 
repeated  in  buffers  containing  150  mM  lithium,  which  is  known  to  destabilise 
quadruplex structures (Sen and Gilbert, 1988). The topoisomer population of the GG 
construct was incubated overnight at 37°C in the presence of 150 mM Li
+ prior to gel 
loading.  Free  Li
+  agarose  gel  as  well  as  buffer  solution  were  employed  in  this 
experiment. The results are shown in Figure 5.5 and surprisingly still show the three 
topoisomer profiles that were evident in the presence of potassium. However in this 
case the central profile (indicated by the arrow) does not split into two. This will be 
considered further in the Discussion, but suggests that the splitting seen with construct 
GG may be a consequence of quadruplex formation.  
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Figure ‎ 5.5 Two-dimensional agarose gel electrophoresis of topoisomers for GG construct vector in the 
presence of 150 mM LiCl. The directions of electrophoresis are indicated and are from top to bottom for 
the first dimension and from left to right for the second dimension. The positions of the nicked (N) and 
linear (L) DNA are indicated. The 1% agarose gel was run in the first dimension in the absence of an 
intercalating agent. The gel was then soaked in 2 µg/ml chloroquine before electrophoresis in the second 
dimension. The right-hand panels zoom in on the regions of interest in the left panel. The arrow indicates 
the central topoisomer profiles.   
 
 
Similar experiments were performed on the WG and GW constructs, which contains 
four  repeats  of  G3T  in  place  of  the  core  c-kit  1  and  c-kit  2  quadruplex-forming 
sequences, respectively. The results are presented in Figures 5.6 and 5.7. It can be seen 
that  the  results  are  very  similar  to  those  produced  with  construct  GG,  though  the 
leftward (slower migrating) pattern for profile 2 is less intense, especially for construct 
WG. However it is interesting to note that the patterns are similar for constructs that 
contain either one or two blocks of the (G3T)4 sequences, and seem to indicate that some 
unusual transitions have occurred. 
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Figure ‎ 5.6 Two-dimensional agarose gel electrophoresis of topoisomers for the WG plasmid construct. 
The directions of electrophoresis are indicated and are from top to bottom for the first dimension and 
from left to right for the second dimension. The positions of the nicked (N) and linear (L) DNA are 
indicated. The 1% agarose gel was run in the first dimension in the absence of an intercalating agent. The 
gel was then soaked in 2 µg/ml chloroquine before electrophoresis in the second dimension. The right-
hand panels zoom in on the regions of interest on the left panel of the 2D-gel image. The arrows indicate 
the two parts of the central profile 2.   
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Figure ‎ 5.7 Two-dimensional agarose gel electrophoresis of topoisomers for the GW plasmid construct. 
The directions of electrophoresis are indicated and are from top to bottom for the first dimension and 
from left to right for the second dimension. The positions of the nicked (N) and linear (L) DNA are 
indicated. The 1% agarose gel was run in the first dimension in the absence of an intercalating agent. The 
gel was then soaked in 2 µg/ml chloroquine before electrophoresis in the second dimension. The right-
hand panels zoom in on the regions of interest on the left panel. The arrows indicate the two parts of the 
central profile 2.   
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5.5  Discussion  
Previous  studies  have  suggested  that  negative  DNA  superhelicity  can  induce  the 
formation  of  DNA  secondary  structures  in  G-rich  sequences  under  physiological 
conditions  (Sun  and  Hurley,  2009).  However,  in  contrast,  the  results  presented  in 
chapter 5 did not provide direct evidence for the formation quadruplex structures within 
165-bp G-rich sequence of the c-kit promoter in supercoiled plasmid DNA. The results 
presented in this chapter extended the previous work  and used two-dimensional  gel 
electrophoresis to examine the effects of the topological state of the DNA. 
Two-dimensional agarose gel electrophoresis of different topoisomer populations has 
been widely used to monitor B-DNA to non-B-DNA structural transitions in plasmid 
DNA, such as triplex DNA (Potaman et al., 2004), Z-DNA (Peck and Wang, 1983) and 
cruciform (Blaho et al., 1988; Kato et al., 2003). It has also been used to estimate the 
amount of superhelical free energy required for the formation of various underwound 
local structures (Blaho et al., 1988; Shimizu et al., 1989; Aboul-ela et al., 1992; Kulish 
et al., 2007).  
The  two-dimensional  gel  electrophoresis  results  show  that  the  behaviour  of  the 
topoisomer spots through agarose gels was different  from classical models of DNA 
topoisomers. Multiple profiles of spots were evident in plasmids that contained G-rich 
sequences that are capable of forming quadruplexes (Figures 5.1, 5.3, 5.4, 5.6, and 5.7). 
There are two puzzling observations that need explanation in these results. Firstly, why 
are  three  topoisomer  profiles  observed,  when  previous  results  with  other  structural 
transitions only show one? Secondly why does the middle profile 2 split into two? We 
do  not  have  definitive  answers  to  these  intriguing  questions  but  can  offer  some 
interesting observations and suggestions. 
Considering  first  the  origin  of  the  three  profiles.  These  do  not  appear  to  represent 
reversible  supercoil-dependent  structural  transitions  (in  the  time  scale  of  the  gel 
experiments) as they are each complete profiles with no distinct breaks or gaps in the 
ladder of bands (as is typically observed when non-B transitions are produced above 
certain level of superhelical density. Since there are twice as many bands in profile 2 as 
in profile 1 it is tempting to suggest that this could be a plasmid dimer. This is unlikely 
to  be  a  chemical  dimer  (i.e.  two  plasmids  covalently  ligated  together),  but  it  is 
conceivable  that  this  is  an  interlocked  intermolecular  dimer  in  which  two  plasmid 
molecules are associated (maybe by the formation of intermolecular quadruplexes). In  
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this regard it is worth noting that almost all plasmid preparations involve a step in which 
the DNA is temporarily denatured (alkaline lysis) and circular plasmid reannealing may 
provide an opportunity for dimerisation across two G-tracts in different plasmids. Such 
single-stranded regions may also be generated during replication and transcription when 
the DNA duplex is separated, but in vivo this would usually results in intramolecular 
complexes. This could account for the presence of profile 2 in all plasmids that contain 
G-rich regions (but not in SS or pGL3 basic). If such interlocked structures are formed 
then they may effectively be irreversible and independent of supercoiling. It is also 
worth  considering  whether  these  structural  forms  are  an  artefact  of  treatment  with 
topoisomerase,  though  again  this  is  dependent  on  the  presence  of  the  G-tracts.  If 
plasmid dimmers are indeed formed then these might be visible by AFM, though this 
was beyond the scope of the present work. 
The observation that the three profiles are still observed with plasmid GG even in the 
presence  of  lithium,  might  argue  against  the  involvement  of  quadruplex  structures. 
However,  alkaline  lysis  uses  potassium  acetate  as  the  neutralising  agent,  and  it  is 
possible  that  some  stable  alternative  structures  may  be  formed  before  overnight 
incubation  in  the  lithium.  In  addition  it  is  known  that  the  (G3T)4  quadruplex  is 
exceptionally stable and synthetic oligonucleotides that contain this and other similar 
simple sequences also show quadruplex-like melting transitions even in the presence of 
lithium. 
We have no explanation for the presence of profile 3. This contains a similar number of 
bands to profile 1, yet has a much lower mobility. Compared with profile 2 it has a 
much lower mobility in  the first  dimension, but  several  of the bands  in  the second 
dimension overlaps with those observed in profile 2 (in contrast there is no overlap 
between profiles 1 and 2 in the second dimension). Once again it is dependent on the 
presence of potential quadruplex-forming sequences.  
The splitting of profile 2 in construct GG (and to a lesser extent in GW and WG) is also 
intriguing.  Since  this  splitting  is  not  observed  in  the  presence  of  lithium  we  can 
speculate that this is related to G-quadruplex formation. Comparing bands that have the 
same  mobility  in  the  first  dimension,  these  appear  to  be  separated  by  one  or  two 
topoisomers in the second dimension. It is therefore tempting to suggest that this could 
arise from local unwinding of two  helical turns, which is roughly equivalent to the 
region  that  would  be  unwound  on  formation  of  a  single  intramolecular  quadruplex.  
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However, it should be emphasised that this is not the same as the structural transitions 
that are typically observed in different topoisomers, which generate a transition (break) 
in the smooth pattern of bands. Whatever may be the origin of these two species they 
must  be  two  stable  forms  that  do  not  interconvert  on  the  timescale  of  the 
electrophoresis.  It  is  known  that  quadruplexes  can  adopt  several  different  stable 
conformations and it is possible that these two forms represent different ways of folding 
intermolecular quadruplexes. 
It is also worth noting that the pGL3 plasmid that has been used in these studies is much 
larger than the plasmids that have been used in many previous studies on supercoil-
dependent structural transitions (which are often simple derivatives of pUC or pBR322 
plasmids). 
The results presented in this chapter demonstrate some unusual properties of plasmids 
that contain these G-rich sequences, but we are unable to confirm the nature of the 
structures that have been formed. 
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Chapter Six 
6  Effect of Temperature and Ionic Strength on Duplex / 
Quadruplex Equilibria 
6.1  Introduction 
Nucleic acids containing tandem repeats sequences of guanine can self-assemble into a 
stable four-stranded structures known as a G-quadruplexes. Bioinformatic analysis has 
identified over 376,000 putative quadruplex-forming sequences throughout the human 
genome (Todd et al., 2005). In human telomeres, there are hundreds to thousands of this 
repeated sequence in double-stranded form and approximately two hundred nucleotides 
of‎ this‎ guanine‎ rich‎ sequence‎ remain‎ unpaired‎ at‎ the‎ 3’‎ overhang‎ end‎ of‎ the‎
chromosome.  This  region  can  fold  back  on  itself  forming  a  stable  G-quadruplex 
structure. However, many potential quadruplex-forming sequences are found in non-
telomere parts of the genome, specifically in the promoter sites upstream of several 
proto-oncogenes (Balasubramanian et al., 2011). Functionally, G-quadruplex formation 
has been suggested to inhibit telomerase and plays an important role in disrupting the 
cellular processes. 
 Except for the extreme ends of the telomere single-stranded overhang, most potential 
quadruplex-forming G-rich sequences are present along with their complementary C-
rich strands. The self-assembling of quadruplex structure requires local melting of the 
GC-rich  double  helix,  and  the  G-quadruplex  structure  need  to  compete  with  their 
respective  duplex.  In  vivo,  local  unwinding  of  double-stranded  DNA  occurs  during 
many biological processes, such as DNA replication, transcription, and recombination. 
Several studies revealed that the quadruplex/duplex equilibrium is also under the control 
of a number of factors, included pH, temperature, cation and strand concentration (Deng 
and Braunlin, 1995; Phan and Mergny, 2002).  
6.2  Hypothesis  
Guanine-rich  nucleic  acid  sequences  can  form  stable  G-quadruplex  structure  under 
physiological-like  conditions.  In  the  living  cell,  these  G-rich  DNA  sequences  will 
normally  be  base  paired  with  their  complementary  strands,  except  for  the  single-
stranded‎3’-overhang of the telomere region. The formation, stability, and function of 
these macromolecules will be affected by the environment condition. Therefore, the aim  
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of this work was to investigate the effects of various factors, including temperature 
(65ºC, 60ºC, 55ºC) and ionic strength (100mM, 500mM, 1M) on the duplex/ quadruplex 
equilibrium.  The  kinetic  stability  data  could  provide  essential  information  for  the 
dynamic  equilibrium  between  duplex  and  quadruplex  structures  that  may  help  to 
understand how putative quadruplex-forming sequences regulate genes in the cells.   
6.3  Experimental design  
Three different G-quadruplex-forming sequences were used in this study, and are shown 
in‎Table‎6.1.‎Each‎purine‎strand‎of‎the‎duplex‎was‎labeled‎at‎5ʼ-end‎with‎[γ-
32P]ATP 
using T4 DNA polynucleotide kinase followed by purification as described in section 
2.3.1.1.  The  experiments  were  performed  under  different  ionic  conditions  (varied 
between 100 mM – 1M) at 65 ºC, 60 ºC and 55 ºC as described in section 2.3.10.  
 
Table ‎ 6.1 G-quadruplex-forming DNA oligonucleotide sequences used in this work 
 
 
6.4  Results  
6.4.1  Kinetic stability of the human telomeric DNA sequence (G3T2A)4   
Non-denaturing polyacrylamide gel experiments were used to investigate the effects of 
various factors on the kinetic stabilities of duplexes and quadruplexes formed with G-
rich DNA sequences. The equilibrium between the quadruplex and duplex forms of 
(G3T2A)4 was examined by gel mobility experiments under different ionic conditions at 
65 ºC, 60 ºC and 55 ºC. These non-physiological conditions were chosen in order to 
increase  the  rate  of  reaction  and  to  bring  it  within  a  measureable  range.  In  these 
experiments  the  G-rich  strand  was  radiolabelled  and  was  annealed  with  its 
complementary C-rich strand (C3A2T)4 forming a DNA duplex which has a relatively  
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slow  gel  mobility. The  propensity of the G-rich strand to  dissociate and generate a 
quadruplex (or single-stranded) structure was assessed by adding a 50-fold excess of the 
unlabelled  G-rich  strand.  As  the  radiolabelled  G-strand  dissociates  from  its  C-rich 
partner its place will be taken by the unlabelled G-rich leaving the labeled strand in free 
solution, where it may adopt a folded quadruplex structure (or remain single stranded), 
which will have different gel mobilities.  
The results of such gel electrophoresis experiments for (G3T2A)4 in the presence of 100 
mM KCl, NaCl and LiCl at 65 ºC are respectively presented in Figures 6.1A, B and C.  
It  can  be  seen  that  in  each  case,  as  expected,  the  intensity  of  the  (upper)  band, 
corresponding to the duplex, decreases with time and that there is an increase in the 
intensity of the (lower) band corresponding to the free G-strand (which might be folded 
into a quadruplex structure). The intensities of these bands were quantified using Image 
Quant and single exponential decays were fitted to the data using Sigma Plot. Figures 
6.2 top, middle, and bottom panels illustrate the fraction of the AT2G3 duplex remaining 
after sequestering the C-rich strand by the addition of an excess of unlabelled G-rich 
strand. These reactions were performed in the presence of 100 mM potassium chloride, 
100 mM sodium chloride, 100 mM lithium chloride, respectively. At (65ºC) the results 
show  that  in  the  presence  of  100  mM    KCl  and  NaCl  the  duplex  is  less  stable 
(dissociates faster) than in the presence of  lithium chloride. The rate constants derived 
from these experiments are presented in Table 6.2. The time constants at 100 mM KCl, 
100 mM NaCl and 100 mM LiCl were found to be 1.28 ± 0.31, 1.17 ± 0.33 and 0.98 ± 
0.31 min
-1, respectively. 
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Figure ‎ 6.1 Gel mobility of radiolabelled (G3T2A)4 in a 16 % non-denaturing polyacrylamide gel in (A) 
100 mM KCl  (B) 100 mM NaCl (C) 100 mM LiCl at 65°C. Lane 1 contains radiolabelled G-rich strand 
without the complement as a single strand marker. Lane 2 contains the (G3T2A)4.(C3A2T)4 duplex. Lanes 
4-18 show the time (minutes) after adding the excess of unlabelled G-rich strand.   
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Figure ‎ 6.2 Plots showing the time course of dissociation of the (AT2G3)4.(C3A2T)4 duplex after addition 
of an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris. HCl pH 7.4 
containing 100 mM KCl (top panel), NaCl (middle panel) and LiCl (bottom panel), respectively at 65ºC. 
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Similar experiments were performed at a higher concentration 500 mM of KCl, NaCl 
and LiCl and the results are presented in figure 6.3A, B and C, respectively. These gels 
were quantified and exponential decays were fitted to the data (Figure 6.4 top, middle 
and bottom panels). The results show that, as expected, the rate is slightly slower than in 
the presence of 100 mM cations and again shows a slower dissociation in the presence 
of lithium than potassium or sodium. The rate constants derived from these experiments 
are presented in Table 6.2. The rate constants in 500 mM KCl, NaCl and LiCl at 65°C 
were determined from the single exponential decay curves to be 0.72 ± 0.10, 0.75 ± 0.13 
and 0.88 ± 0.11 min
-1, respectively.       
 
 
 
                            
Figure ‎ 6.3 Gel mobility of radiolabelled (G3T2A)4 in a 16 % non-denaturing polyacrylamide gel in (A) 
500 mM KCl  (B) 500 mM NaCl (C) 500 mM LiCl at 65°C. Lane 1 contains radiolabelled G-rich strand 
without the complement as a single strand marker. Lane 2 contains (G3T2A)4.(C3A2T)4 duplex. Lanes 4-
16 show the time (minutes) after adding the excess of unlabelled G-rich strand.                  
125 
 
500 mM KCL
Time (minute)
0 10 20 30
Fr
ac
t
ion
0.0
0.2
0.4
0.6
0.8
1.0
1.2
 
 
500 mM NaCl 
Time (minute)
0 10 20 30
Frac
t
i
on
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
 
 
500 mM LiCl
Time (minute)
0 10 20 30
Fr
ac
t
ion
0.0
0.2
0.4
0.6
0.8
1.0
1.2
 
 
 
Figure ‎ 6.4 Plots showing the time course of dissociation of the (AT2G3)4.(C3A2T)4 duplex after addition 
of an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris. HCl pH 7.4 
containing 500 mM KCl (top panel), NaCl (middle panel) and LiCl (bottom panel), respectively at 65ºC.  
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 Figures  6.5A,  B  and  C  show  non-denaturing  polyacrylamide  gel  images  of  similar 
experiments conducted in the presence of 1 M KCl, NaCl and LiCl, respectively. It can 
be seen that the kinetic stability of the (AT2G3)4 duplex increased at 1 M monovalent 
cations and the dissociation is even slower at this elevated ionic strength. Figures 6.6 
top,  middle  and  bottom  panels  illustrate  the  exponential  decay  curve  of  these 
experiments performed in the presence of 1 M potassium chloride, 1 M sodium chloride 
and 1 M lithium chloride, respectively. These results show that the duplex is less stable 
(dissociates faster) under potassium conditions that favour the formation of a stable 
quadruplex, but it appears to be equally slow in sodium and lithium conditions. The rate 
constants derived from these experiments are presented in Table 6.2. The k value in 1 M 
KCl, NaCl and LiCl at 65°C were determined from the exponential decay, 2 parameters 
curve to be 0.30 ± 0.01, 0.13 ± 0.01 and 0.19 ± 0.01 min
-1, respectively.  
 
Figure ‎ 6.5 Gel mobility of radiolabelled (G3T2A)4 in a 16 % non-denaturing polyacrylamide gel in (A) 
1M KCl  (B) 1M NaCl (C) 1M LiCl at 65°C. Lane 1 contains radiolabelled G-rich strand without the 
complement as a single strand marker. Lane 2 contains (G3T2A)4.(C3A2T)4 duplex. Lanes 3-17 show the 
time (minutes) after adding the excess of unlabelled G-rich strand.             
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Figure ‎ 6.6 Plots showing the time course of dissociation of the (AT2G3)4.(C3A2T)4 duplex after addition 
of an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris. HCl pH 7.4 
containing 1M KCl (top panel), NaCl (middle panel) and LiCl (bottom panel), respectively at 65ºC. 
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Table  ‎ 6.2  Dissociation  rate  constants  for  the  (AT2G3)4.(C3A2T)4  duplex  in  the  presence  of  different 
concentrations of KCl, NaCl or LiCl, determined at 65°C. 
 
 
 
 
We chose to use 65ºC for these initial experiments as this temperature produced clear 
dissociation profiles within a practical timescale. We next examined these dissociation 
rates at lower temperatures, at which we expect the duplex to be more stable. This 
should eventually allow us to extrapolate to physiological conditions and estimate the 
dissociation rate at 37 ºC. The next series of experiments on the kinetic stability of this 
duplex/ quadruplex sequence were performed at 60ºC. The results in the presence of 
100 mM KCl, NaCl and LiCl as shown in Figures 6.7A, B and C. As expected, the 
duplex dissociated more slowly than at the high temperature (65ºC) and release of the 
G-rich radiolabelled DNA strand preceded slower at 60ºC than at 65ºC. Figures 6.8 top, 
middle and bottom panels show the data obtained from quantifying these gels in the 
presence  of  100  mM  concentration  of  KCl  or  NaCl  than  LiCl,  respectively.  These 
results show that in the presence of sodium and potassium the duplex dissociate faster 
than in lithium conditions. The data were again fitted with a single exponential decay 
using Sigma Plot and the rate constants derived from these experiments are presented in 
Table 6.3. The time constants at 100 mM KCl, 100 mM NaCl and 100 mM LiCl were 
found to be 0.28 ± 0.08, 0.31 ± 0.06 and 0.15 ± 0.03 min
-1, respectively.  
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Figure ‎ 6.7 Gel mobility of radiolabelled (G3T2A)4 in a 16 % non-denaturing polyacrylamide gel in (A) 
100 mM KCl  (B) 100 mM NaCl (C) 100 mM LiCl at 60°C. Lane 1 contains radiolabelled G-rich strand 
without the complement as a single strand marker. Lane 2 contains (G3T2A)4.(C3A2T)4 duplex. Lanes 3-
16 show the time (minutes) after adding the excess of unlabelled G-rich strand.                 
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Figure ‎ 6.8 Plots showing the time course of dissociation of the (AT2G3)4.(C3A2T)4 duplex after addition 
of an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris. HCl pH 7.4 
containing 100 mM KCl (top panel), NaCl (middle panel) and LiCl (bottom panel), respectively at 60ºC. 
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Table  ‎ 6.3  Dissociation  rate  constants  for  the  (AT2G3)4.(C3A2T)4  duplex  in  the  presence  of  100  mM 
concentrations of KCl, NaCl or LiCl, determined at 60°C. 
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Similar kinetic profiles were performed at 55°C and the results are shown in Figures 
6.9A, B and C in the presence of 100 mM KCl, NaCl and LiCl, respectively. Under 
these conditions the duplex dissociates much more slowly and significant amounts of 
the duplex remain at the end of the time course, especially in the presence of lithium. 
Figure 6.10 top, middle and bottom panels show quantitative data derived from these 
gels, which have been fitted to single exponential decays using Sigma Plot. The kinetic 
parameters derived from these curves are presented in Table 6.4. The dissociation rate 
constants were calculated to be 0.05 ± 0.02, 0.05 ± 0.01 and 0.01 ± 0.01 min
-1 in 100 
mM KCl, NaCl and LiCl, respectively.  
 
 
Figure ‎ 6.9 Gel mobility of radiolabelled (G3T2A)4 in a 16 % non-denaturing polyacrylamide gel in (A) 
100 mM KCl  (B) 100 mM NaCl (C) 100 mM LiCl at 55°C. Lane 1 contains radiolabelled G-rich strand 
without the complement as a single strand marker. Lane 2 contains (G3T2A)4.(C3A2T)4 duplex. Lanes 3-
15 show the time (minutes) after adding the excess of unlabelled G-rich strand.                 
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Figure ‎ 6.10 Plots showing the time course of dissociation of the (AT2G3)4.(C3A2T)4 duplex after addition 
of an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris. HCl pH 7.4 
containing 100 mM KCl (top panel), NaCl (middle panel) and LiCl (bottom panel), respectively at 55ºC. 
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Table  ‎ 6.4  Dissociation  rate  constants  for  the  (AT2G3)4.(C3A2T)4  duplex  in  the  presence  of  100  mM 
concentrations of KCl, NaCl or LiCl, determined at 55°C. 
 
 
 
 
6.4.2  Kinetic stability of the quadruplex-forming sequence (G3T)4   
Based on several published studies, it is known that the stability of intramolecular DNA 
quadruplex is affected by the length of the loops (Risitano and Fox, 2004; Rachwal et 
al., 2007; Kumar et al., 2008). We therefore performed similar experiments with the 
sequence (G3T)4, which is known to form a very stable parallel quadruplex that displays 
high melting temperatures even at potassium concentrations as low as 1 mM. Under 
some circumstance this sequence appears to form an intramolecular quadruplex, even in 
the presence of an excess of the complementary C-rich strand. The duplex formed by 
this sequence with its C-rich complement is slightly shorter than that of the telomeric 
sequence as describe above, but it has a higher percentage of GC base pairs. This allows 
us to compare the dissociation rate constants of the duplexes that are formed by G3T2A 
with  G3T.  At  physiological  ionic  strengths  of  KCl,  NaCl  and  LiCl  (100  mM)  the 
(G3T)4.(AC3)4 duplex showed no dissociation after adding excess of this G-rich strand at 
65ºC.  We  therefore  used  lower  ionic  strengths  ranging  from  0.1  mM  to  1  mM 
concentration for the experiments with this oligonucleotide. The results with 0.1 mM 
potassium,  sodium  and  lithium  are  shown  in  Figures  6.11A,  B  and  C.  The  gel 
electrophoresis results show that in each case the free radiolabelled G-rich sequences to 
which no C-rich strand has been added runs as a single band, but this has a slower 
mobility than the radiolabelled band that is released after adding the competitor DNA to 
the  duplex.  This  may  arise  because  this  G-rich  DNA  can  self-associate  forming  a 
dimeric quadruplex structure, while in the more dilute conditions after release from the  
135 
 
duplex it assumes a single stranded or intramolecular quadruplex structure. It is also not 
clear if either of these bands represents an unstructured single strand, or whether the 
sequence  folds  to  form  a  very  stable  intramolecular  quadruplex.  Figures  6.12  (top 
panel), (middle panel) and (bottom panel) illustrate the fraction of the G3T duplex that 
has dissociated after adding the unlabelled competitor DNA in the presence of 0.1 mM 
concentrations of KCl, NaCl and LiCl, respectively. The gel mobility results show that 
there is no significant difference in the dissociate rate constants of the duplexes that are 
formed by G3T in the presence of potassium, sodium and lithium. A single exponential 
decay was fitted to these data and the dissociation rate constants k, (shown in Table 6.5) 
were calculated to be 0.58 ± 0.13, 0.65 ± 0.12 and 0.64 ± 0.12 min
-1, in 0.1 mM KCl, 
NaCl‎ and‎ LiCl,‎ respectively.‎ Notably,‎these‎plots‎ don’t‎appear‎as‎ good‎exponential‎
decays and it is seem that there is sudden transition between duplex and released G-
strand. 
 
Figure ‎ 6.11 Gel mobility of radiolabelled (G3T)4 in a 16 % non-denaturing polyacrylamide gel in (A) 0.1 
mM KCl  (B) 0.1 mM NaCl (C) 0.1 mM LiCl at 65°C. Lane 1 contains radiolabelled G-rich strand 
without the complement as a single strand marker. Lane 2 contains (G3T)4.(C3A)4 duplex. Lanes 3-14 
show the time (minutes) after adding the excess of unlabelled G-rich strand.             
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Figure ‎ 6.12 Plots showing the time course of dissociation of the (G3T)4. (C3A)4 duplex after addition of 
an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris.HCl pH 7.4 containing 
0.1mM of KCl (top panel), NaCl (middle panel) or LiCl (bottom panel), determined at 65°C.  
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Similar experiments with the (G3T)4  sequence were performed in the presence of 0.5 
mM KCl, NaCl and LiCl and the results are represented in figures 6.13A, B and C. The 
gel  images  show  that,  as  expected,  the  duplex  has  higher  stability  and  slower 
dissociation  kinetics  in  the  presence  of  0.5  mM  ions  as  compare  to  the  previous 
experiments  at  0.1  mM  ion  concentration.  Quantitative  analyses  of  these  data  are 
presented in Figures 6.14 top, middle and bottom panels. The results show that the 
duplex  dissociates  more  slowly  at  this  higher  ionic  strength.  The  dissociation  rate 
constants were calculated (Table 6.5) to be 0.95 ± 0.15, 0.61 ± 0.13 and 0.62 ± 0.13 
min
-1, in the presence of 0.5 mM KCl, NaCl and LiCl, respectively at this temperature 
of 65°C.  
 
 
                
            
Figure ‎ 6.13 Gel mobility of (G3T)4 in a  16 % non-denaturing polyacrylamide gel in (A) 0.5 mM KCl  
(B) 0.5 mM NaCl (C) 0.5 mM LiCl at 65°C. Lane 1 contains radiolabelled G-rich strand without the 
complement as a single strand marker. Lane 2 contains (G3T)4.(C3A)4 duplex. Lanes 3-14 show the time 
(minutes) after adding excess of G-rich strand.   
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Figure ‎ 6.14 Plots showing the time course of dissociation of the (G3T)4. (C3A)4 duplex after addition of 
an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris.HCl pH 7.4 containing 
0.5 mM KCl (top panel), NaCl (middle panel), and LiCl (bottom panel) at 65°C. 
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On increasing the concentration of potassium, sodium and lithium to 1 mM (Figure 
6.15A, B and C, respectively) the (G3T)4.(C3A)4 duplex dissociated at a similar rate to 
that seen with 0.1 or 0.5 mM concentrations of these ions. The gel image (Figure 6.15A) 
shows that the single-stranded DNA or quadruplex structure is still the predominant 
structural  form  at  50-fold  higher  concentration  of  G-rich  strand.  This  suggests  that 
potassium plays a critical role in governing the stability of quadruplex structure. The 
fraction of the dissociation rate constants of G3T duplex are presented in Figures 6.16 
top, middle and bottom panels. The rate constants were calculated (Table 6.5) and were 
found to be 0.85 ± 0.16, 0.57± 0.09 and 0.57 ± 0.13 min
-1, respectively.  
 
 
 
Figure ‎ 6.15 Gel mobility of (G3T)4 in a  16 % non-denaturing polyacrylamide gel in (A) 1 mM KCl  (B) 
1 mM NaCl (C) 1 mM LiCl at 65°C. Lane 1 contains radiolabelled G-rich strand without the complement 
as a single strand marker. Lane 2 contains (G3T)4.(C3A)4 duplex. Lanes 3-16 show the time (minutes) 
after adding excess of G-rich strand.   
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Figure ‎ 6.16 Plots showing the time course of dissociation of the (G3T)4. (C3A)4 duplex after addition of 
an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris.HCl pH 7.4 containing 
1 mM KCl (top panel), NaCl (middle panel), and LiCl (bottom panel) at 65°C. 
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Table  ‎ 6.5  Dissociation  rate  constants  for  the  (G3T).(C3A)4  duplex  in  the  presence  of  different 
concentrations of KCl, NaCl or LiCl, determined at 65°C. 
 
 
 
 
6.4.3  Kinetic stability of the Oxytricha telomeric repeat sequence (G4T4)4 
To further study the effect of loop length on the kinetics of the duplex/ quadruplex 
equilibrium,  the  telomere  repeat  sequence  from  the  marine  ciliate  Oxytricha  nova 
(G4T4)4 were examined. The oligonucleotide sequence G4T4 has a longer loop region 
(T4) as compared to the one T and three TTA of the very stable artificial sequence G3T 
and the human telomeric G3AT2 sequence, respectively. The gel mobility of the G4T4 
sequence in the presence of 100 mM KCl, NaCl and LiCl is shown in Figure 6.17A, B 
and C, respectively. In the presence of potassium, the (G4T4)4.(A4C4)4 duplex dissociates 
more  slowly  than  in  the  presence  of  100  mM  sodium.  The  dissociation  rate  in  the 
presence of lithium is much slower and significant amount of the duplex is still evident 
at the end of the reaction at 65°C. These results reveal that this longer loop length 
stabilizes  the  duplex  form.  Figures  6.18  top,  middle  and  bottom  panels  show  the 
dissociation  of  the  (G4T4)4.(A4C4)4  duplex  after  adding  a  50-fold  excess  of  the 
unlabelled G-rich strand. The k values for each of the ionic strengths were calculated as 
previously described and are presented in Table (6.6).   
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Figure ‎ 6.17 Gel mobility of (G4T4)4 in a  16 % non-denaturing polyacrylamide gel in (A) 100 mM KCl  
(B) 100 mM NaCl (C) 100 mM LiCl at 65°C. Lane 1 contains radiolabelled G-rich strand without the 
complement as a single strand marker. Lane 2 contains (G4T4)4.(C4A4)4 duplex. Lanes 4-12 show the time 
(minutes) after adding excess of G-rich strand.  
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Figure ‎ 6.18 Plots showing the time course of dissociation of the (G4T4)4. (C4A4)4 duplex after addition of 
an excess of unlabelled G- rich strand. The reaction was performed in 10 mM Tris.HCl pH 7.4 containing 
100 mM KCl (top panel), NaCl (middle panel), and LiCl (bottom panel) at 65°C. 
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Table  ‎ 6.6  Dissociation  rate  constants  for  the  (G4T4)4.(A4C4)4  duplex  in  the  presence  of  100  mM 
concentrations of KCl, NaCl or LiCl, determined at 65°C. 
 
 
 
6.5  Discussion  
In the genome, nucleic acids with tandem guanine-rich repetitive sequences are present 
along with their complementary strand. G-quadruplex formation by these G-rich strands 
will therefore require dissociation of duplex, separating the G and C-rich strand. G-
quadruplexes has been recognized as potential therapeutic targets for the design of anti-
cancer agents; therefore it is essential to understand the kinetic stability of this structure 
in physiologically relevant conditions. The kinetics of nucleic acid formation has been 
quantitatively  determined  by  measuring  the  folding  (association)  and  unfolding 
(dissociation) rate constants (Zhao et al., 2004). The focus of the work described in this 
chapter was to investigate the kinetic dissociation rate constants of DNA duplexes that 
contain putative quadruplex-forming sequences, using non-denaturing polyacrylamide 
gel  electrophoresis.  Studying  how  fast  the  duplex  can  dissociate  will  aid  our 
understanding of the interconversion between duplex and quadruplex structures. This 
will also provide additional information about the stability of each structure and help us 
to  understand  the  competition  between  these  two  structures  in  vivo.  Additionally, 
comparing  the  time  course  of  duplex  dissociation  of  various  G-rich  sequences  of 
different  loop  lengths  provides  an  indication  of  how  the  loop  size  may  affect  the 
duplex/quadruplex equilibrium in vivo. This will be important for understanding how 
different potential quadruplex forming sequences in gene promoters might function.  
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There have been many studies on the thermodynamic stability of potential quadruplex-
forming sequences (Hardin et al., 2001; Chaires, 2010). In contrast there have been 
fewer  studies  on  the  association  and  dissociation  rate  constants  of  the 
duplex/quadruplex  equilibrium.  Earlier  kinetic  studies  reported  the  folding  and 
unfolding  rate  constants  of  the  human  telomere  repeat  sequence  using  an  optical 
biosensor  based  on  surface  plasmon  resonance  technique  (Zhao  et  al.,  2004). 
Furthermore, this paper provided powerful tools for measuring the kinetic parameters 
including  the  folding/unfolding  rate  constants  of  the  G-quadruplex  and  the 
association/dissociation constants of the duplex in the presence of monovalent salts. The 
method is based on immobilizing the target quadruplex-forming sequences on a solid 
surface and injecting a constant flow of a complementary probe nucleic acid over the 
sensor chip surface, which may not be the same as the intramolecular conformation 
interconversion that occur in vivo. The results showed that the unfolding and folding 
rate constants of the human telomeric sequence are half-lives of about one and three 
minutes, respectively in the presence of K
+.  Later, the measurement of the all four 
kinetic  parameters  of  the  human  telomere  repeats  sequence  (TTAGGG)4  using 
nonequilibrium capillary electrophoresis has reported by Xu et al. (2008). This method 
requires  much  less  sample  for  analysis  and,  by  separating  the  target  nucleic  acid 
molecules and its complementary strands in capillaries under nonequilibrium conditions 
using  running  buffer  containing  polyethylene  oxide  instead  of  K
+  solution.  Thus, 
separating the target samples in liquid solution could mimic the intracellular situation. 
However,  our  method  for  measuring  the  dissociation  rate  constant  of  duplex  are 
different to those described above, due to technique used.  
Our results show that non-denaturing polyacrylamide gel electrophoresis is a valuable 
tool  for  measuring  the  kinetic  stability  of  DNA  duplexes.  It  shows  that,  under  the 
conditions of elevated temperature that we have used, the formation of duplex DNA 
with  these  G-rich  sequences  is  kinetically  reversible.  By  adding  an  excess  of  the 
unlabelled  G-strand  over  the  duplex,  the  release  of  the  labelled  G-strand  can  be 
followed as a single band on polyacrylamide gels. A smeared single strand band was 
evident  with  oligonucleotide  G3T,  possibly  indicating  formation  of  multimolecular 
conformers.  From  the  intensity  of  these  bands  it  appears  that  100%  of  each  of  the 
duplexes had dissociated within the time course of the experiments. It should be noted 
that  these  gel  electrophoresis  experiments  cannot  determine  the  topology  of  the 
radiolabelled G-rich strand when it is released; this could fold into a quadruplex or  
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remain in a single stranded conformation. However this is not directly relevant if we are 
simply  using  the  technique  to  investigate  the  kinetics  of  the  duplex/quadruplex 
equilibrium. We found that it was straightforward to obtain the kinetic parameters by 
this technique.  
It has previously been reported that loop length and composition play an important role 
in determining the G-quadruplex-folding topology, stability and equilibrium between 
duplex and quadruplex forms (Hazel et al., 2004; Rachwal et al., 2007a; Kumar et al., 
2008; Smargiasso et al., 2008). Furthermore, a study on the thermal stability of DNA G-
quadruplexes suggested that under cell-mimicking molecular crowding conditions, the 
loop regions govern the favour quadruplex conformation (Fujimoto et al., 2009). With 
the aim of understanding the kinetic stability of duplex/quadruplex equilibrium, three 
well-studied putative quadruplex-forming sequences were examined. There are many 
reasons for using these sequences in this study. First, these sequences have different 
loop lengths varying from one-base long (T) to four-base long (TTTT), and the base 
composition in each loop (except for the human telomeric sequence) is equal. Thymine 
residues predominant within the loops and its hybrid with adenine, as in the human 
telomeric  TTA  loop  sequence.  According  to  a  systematic  search  for  biologically 
relevant quadruplex-forming sequences, it has been reported that thymine and adenine 
are  the  most  frequent  loop  sequences  in  the  human  genome  (Todd  et  al.,  2005). 
Therefore, another reason for using these sequences was to mimic the natural relevant 
sequence.  
Over the range from 55 to 65ºC, our results show that the dissociation rate constant of 
G3T2A duplex is dramatically increased. As we expected the dissociation rate constant 
of duplex is dependent on temperature. These results are in agreement with Zheng group 
suggested  that  the  dissociation  rate  constants  were  significantly  dependent  on 
temperature  (Zhao  et  al.,  2004).  It  should  be  noted  that  the  previous  study  was 
performed at 25 to 37ºC and it was noted that changing the temperature has a significant 
effect on the dissociation rate constant which increased by 10-fold. At 65ºC, our results 
reveal that the identity of the monovalent cation does not affect the rate of dissociation.  
Our  results  reveal  that  the  dissociation  rate  constant  of  G3T  duplex  was  zero  at 
physiological  ion  concentration.  This  suggests  that  the  duplex  was  the  predominant 
structure  in  the  quadruplex-duplex  competition.  However,  the  time  course  of  the 
dissociation  of  G3T  duplex  was  increased  at  millimolar  potassium  concentrations   
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(0.1mM to 1 mM) though  is far below the levels typical of eukaryotic cells (140 mM 
for K
+ and 1-5 mM for Na
+). It was also observed that the duplex dissociation rate 
constants for (G3T2A)4 and (G4T4)4 in the presence of potassium and sodium were faster 
than in the present of lithium, this  confirms the significant role of monovalent salts in 
govern  the  competition  between  duplex  and  quadruplex  form.  From  our  gel 
electrophoresis  mobility  shift  assay  results  we  conclude  that  the  dissociation  rate 
constant is faster at higher temperature and it slowest with very short single T loops. It 
would be interesting to see what happen if these model sequences were replaced with 
wild-type putative quadruplex-forming sequences of both c-kit 1 and c-kit 2. Studying 
the  kinetic  stability  of  longer  sequences  may  generate  further  complexity  for  such 
measurement. These experiments are complex and time consuming and were therefore 
only  performed  on  a  selection  of  the  both  temperature  and  monovalent  salt 
concentration. 
 
    
148 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
149 
 
Chapter Seven 
7  General conclusions 
For many  years DNA has been characterized as a  ‘passive‎molecule’‎which‎simply‎
stores the genetic material in the nucleus. In 1953, the discovery of Watson and Crick 
opened  a  new  field  for  biologists  and  geneticists  to  solve  the  secret  of  life.  These 
discoveries revealed the chemical structure of DNA as a double helix and explained 
how the genetic information is passed from generation to generation. Numerous studies 
have subsequently been carried out to explore alternative DNA structures derived from 
the W-C double helix model and illuminate their role in biology. 
The ability of guanine residues to form G-quartets is the building block of the four-
stranded‎higher‎order‎structure‎‘G-Quadruplex’,‎which‎has‎been‎‎known‎for‎a‎long‎time.‎
While, they have been proposed to have roles in many biological processes such as 
transcription,  translation,  and  recombination,  these  need  to  be  confirmed  at  cellular 
levels.‎ In‎ 2005,‎ Balasubramanian’s‎ and‎ Neidle’s‎ groups‎ revealed‎ that‎ putative‎
quadruplex-forming sequences are overrepresented in particular genome regions such as 
promoter  portions  upstream  of  the  transcription  initiation  site  (Huppert  and 
Balasubramanian, 2005; Todd et al., 2005). These bioinformatics studies demonstrated 
that more than 40% of human genome promoters are enriched with at least one or more 
potential  quadruplex-forming  sequences.  In  this  context,  growing  evidence  for  the 
presence  and  biological  relevance  of  G-quadruplexes  has  emerged  in  the  promoter 
regions  of  oncogenes.  Accumulated  data  confirm  that  the  c-KIT  proximal  promoter 
region is G-rich and contains at least two putative G-quadruplex-forming sequences 
upstream of the transcription start site. Here, some questions arise i.e. what is the impact 
of  the  G-quadruplexes  on  gene  expression?  If  it  forms,  can  we  discriminate  the 
existence of G-quadruplex in vivo? Has the topology an influence on the formation of 
the quadruplex? Do the temperature, cations concentration and identity have any effects 
on the quadruplex/duplex equilibrium. The work done in this thesis addresses each of 
these questions. 
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7.1  Impact of c-KIT 1 and c-KIT 2 G-quadruplexes on gene expression 
Chapter  3  examined  the  effect  of  c-KIT  1  and  c-KIT  2  promoter  G-quadruplex 
formations on gene expression in vivo, using different reporter constructs carrying the 
native c-KIT promoter quadruplex-forming sequences and/or their modified versions. 
The results revealed that a significant decrease in gene expression is observed in the 
constructed vectors that carry a very stable quadruplex-forming sequence. The modified 
vectors including the scrambled and mutated versions showed a significant increase in 
luciferase  expression  level.  These  results  indicated  that  the  c-KIT  G-quadruplex 
sequence can modulate gene expression at the transcriptional level. This compares with 
previous  studies  which  have  demonstrated  that  the  c-MYC  G-quadruplex  acts  as  a 
silencer transcriptional regulation element (Siddiqui-Jain et al., 2002). 
This  is  the  first  example  studying  the  effect  of  c-KIT  G-quadruplexes  on  gene 
expression  using  cell-based  reporter  gene  expression  assays.  The  dual  luciferase 
reporter assay offers an easy way for us to study the influence of potential quadruplex-
forming sequences on gene regulation. Interestingly, the major conclusion from these 
studies is that c-KIT 1 is more biologically relevant than c-KIT 2. These results suggest 
that  stabilizing  c-KIT  with  quadruplex-targeting  small-molecule  ligands  will  inhibit 
overexpression of c-KIT gene in gastrointestinal stromal tumors and that  c-KIT-
specific ligands should be more effective than those targeted to c-KIT 2. 
7.2  Probing the formation of G-quadruplex in vitro 
Chapter  4  investigated  the  formation  of  G-quadruplexes  in  vitro  within  the  core 
promoter region of the c-KIT oncogene. Three different chemical agents KMnO4, DEPC 
and DMS were used to identify local structural transitions under native superhelicity or 
in linear double-stranded forms. On the basis of KMnO4 results, it was clear that the 
core promoter region of c-KIT undergoes some local disruption (melting) of the duplex. 
However,  DMS  footprinting  results  showed  that  the  native  c-KIT  promoter  G-rich 
strand was unlikely to form a G-quadruplex structure under experimental conditions. No 
guanine  residues  were  identified  that  participate  in  the  assembly  of  G-quadruplex 
structures. However, these quadruplexes (if they form) may occur in only a relatively 
small fraction of the DNA molecules, and so protection from DMS modification may 
not be detectable. These results demonstrated that DMS is less sensitive compared to 
DEPC and KMnO4 as a structural probe. This result is in agreement with previous 
reports, in  which no sign of G-quadruplex formation  was  observed with the G-rich  
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sequence  from  the  BCL2  promoter  region  after  being  inserted  into  a  plasmid 
(Onyshchenko et al., 2009).  
Interestingly, DMS footprinting results demonstrated that the 3ʼ-flanking G-rich region 
downstream  of  c-KIT  1  is  in  dynamic  equilibrium  and  there  was  a  sign  of  some 
secondary non-B-DNA formation in this region. These results highlighted that negative 
superhelicity did not significantly affect the formation of these G-quadruplexes. The 
chemical  footprinting  assay  offers  an  accurate  method  to  identify  local  structural 
transitions at the molecular level. However, preparing the samples and performing the 
experiment is time consuming and required a lot of effort and this limited the number of 
such studies that could be performed.  
7.3  Impact of topology on quadruplex formation 
Several studies have used two-dimensional (2D) gel electrophoresis to discriminate the 
formation of secondary DNA structures in vitro (Peck and Wang, 1983; Kato et al., 
2003;  Potaman  et  al.,  2004).  This  is  the  first  work  in  which  2D  agarose  gel 
electrophoresis  has  been  used  to  probe  the  structural  transition  from  B-DNA  to  G-
quadruplexes under different topological states. Based on the gel results in Chapter 5, 
there was evidence of a secondary structure change in some samples (especially the GG 
construct vector) which reinforces the previous results presented in chapter 3 and 4. The 
2D  gel  electrophoresis  experiment  is  able  to  discriminate  the  structural  transition 
between different topologies, however, it is unable to confirm the type of G-quadruplex 
structure that is formed and it is still not clear whether these quadruplex conformations 
are intra- or inter-molecular  
7.4  Kinetic stability of Quadruplex/duplex equilibrium 
Chapter  6  examined  the  effects  of  loop  length,  ionic  strength,  and  temperature  on 
quadruplex/duplex  equilibrium,  using  three  different  quadruplex-forming  sequences. 
Studying the dynamic equilibrium between quadruplex and duplex DNA will help us to 
understand the conversion between these two structures in vivo. The results of this study 
showed that the dissociate rate constant of duplexes is influenced by the length of loop. 
The  major  conclusion  from  these  studies  is  that  the  formation  of  both  duplex  and 
quadruplex  DNA  are  cation  and  concentration-dependent.  Previous  studies  using 
surface plasmon resonance (SPR) have offered the possibility to determine all the four 
kinetic parameters from the same experiment (Xu et al., 2008). Our experiments were  
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designed and performed to find the dissociation rate constant of the duplex, however, by 
using this conventional technique it was difficult to obtain all other kinetic parameters.  
In this study, we have investigated the effect several factors including temperature, ionic 
strength, and loop lengths on duplex stability using oligonucleotides that each contains 
four  repeat  sequences.  However,  the  situation  in  vivo  is  different;  these  G-rich 
sequences  are  flanked  by  bases,  which  might  influence  the  dynamic  equilibrium 
between quadruplex and duplex structures. Moreover, this experiment has focused on 
these defined sequences and may not  address  the same situation for other naturally 
occurring  promoter  quadruplex-forming  sequences.  In  this  kind  of  experiment  is 
important to examine the effect of quadruplex-binding proteins on the kinetic stability 
of quadruplex-duplex equilibrium to mimic the intracellular situations. 
7.5  Future considerations  
Guanine-rich DNA sequences within the proximal promoter region of the c-KIT gene 
are usually present in a double stranded form. The complementary C-rich may also have 
the possibility to form an i-motif structure that is stabilized by C.C
+ base pairs under 
acidic conditions. Although these would not be expected to be biologically relevant, on 
account of their requirement for low pH, studies with other genes have suggested that 
these  may  form  in  vivo  and  directly  or  indirectly  affect  gene  expression  at  the 
transcriptional  level  (Guo  et  al.,  2008).  Chemical  footprinting  and  2D  gel 
electrophoresis studies similar to those done in this thesis could be applied to examine 
the ability of C-rich sequences within the core promoter regions of c-KIT to form an i-
motif.  
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Appendices 
 
 
 
Appendix 1: Complete DNA sequence results of fourteen vectors constructs produced by forward primer. 
 
  
 
 
 
  
 
 
 
 
 
  
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
 